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This book considers the methods and re-
sults of experimental investigation of tur-
bine cascades and stages, means of thermal
and aerodynamic calculation, and the practi-
cal designing of stages with axial gas (team)
flow. Considerable attention is allotted toregulating stages of various types, and to

the intermediate and last stages cf gas and
condensing steam turbines. The influence of
humidity on blading performance of a stage is
considered. The book uses mainly the results
of investigations conducted at the NEI; ma-
terials that were obtained at our other organi-
zations and abroad are also presented.

This book is intended for power engineers
engaged in the study of steam and gas tur-
bines. It may be of intere3t in many respects
also to scientists and engineers who are
interested in vehicle and aircraft turbines.
The book may be of use to students taking
advanced courses at power engineering and poly-
technical institutes.
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PREFACE

The creation of new, highly effective, steam and gas turbines, the increase of

efficiency of operational turbine units - the most important task of power equipment

constructior. and power engineering - was spec ally noted in the resolutions of the

XXII Congress of the CPSU. Inasmuch as the economy of a turbine is determined

mainly by the economy of the blading and its main element, i.e., the stage, during

the last few years the efforts of many scientific and educational institutes, labora-

tories and design bureaus of turbine plants, and research organizations have been

directed towards the study and improvement of turbine stages.

Experimental and theoretical studies in this field were conducted and are now

being conducted at practically all turbine plants: the Leningrad Metallurgical

Plant (named in honor of the XXII Congress of the CPSU), the Kaluga Turbine Plant,

the V. I. Lenin Machine-Building Plant in Neva, the S. M. Kiro'v Plants in Leningrad,

Kirov, and Kharkov, and the Ural Turbomotor Plant. Much has been done in this area

in the scientific research institutes: the I. I. Polzunov TsKTI, F. E. Dzerzhinskiy

VTI, the ORGRES, and at educational institutes: BITM, KhPI, LPI, KAI, and others.

From our bibliographic sources we know of certain results of investigations made by

foreim fIrms and laboratories.

Theoretical and experimental work on the gas dynamics of turbine blading-, Is

receiving Ponniderable attention form the Department of Steam and Gas Turbines r'f the

Moscow Power Engineering Institute. A characteristic of the activity of the MEI in

this area is the close association of studies on turbine cascades and turbine staFes,

which is terminated by working out a combination of stage cascades, and methods of

thermnl and aerodynamLe calculation, with specific practical recommendations to plants.

_= 1
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The experimental and theoretical results that have accwwilated in various or-
ganizations require systematic analysis and generalization. Therefore, only in the

|i' last few years did there appear several special monographs dedicated to this problem

(monographs written by I. I. Kirillov (BITN), N. Ye. Deych and G. S. Samoylovich

(MEI), A. M. Zavadovskiy (TsKTI), G. A. Zal'fom and V. V. Zvyagintsev (NZL), and

others).

However, as a rule, the generalizations in these books were confined to the

experience of one laboratory and the results of investigations conducted in other
organizations were not used; many problems n general were not studied or were con-

sidered only briefly; frequently there was no relation between the work conducted

on stages and cascades, without which, of course, it is impossible to analyze the

results of tests, and all the more so, it is impossible to create new combinations

of turbine stages.

In the writing of this book the authors have attempted to avoid the above-noted

shortcomings. Here we have widely used not only the works conducted at the NEI, but

also, as much as possible, the results of investigations conducted in other organi-

zations and abroad. One should note here the difficulties connected with the fact

that a number of published articles anido dt no t always mention all the para- I

meters for which one experiment or another was conducted.

In accordance with the problem on hand, the content of this book is arranged to

consecutively consider the methods of experimental research, the results, theoretical

research, and methods of thermal and aerodynamic calculation, and to point out some

of the way, of practically designing the stages of steam and gas turbines.

This book discusses all types of axial-turbine stages: single stages and veloc-

ity stages, stages with low cascade heights and stages with large flare, and also

stages with partial input. Considerable attention is allotted the last stages of

condensing steam turbines, the practical design of which is apparently an extremely

complicated task. This problem is the subject of no' only a special chapter, i.e.,

Chapter VITI, but also Chapter VII, "Stages with Large Flare," special paragraphs in

Chapter I (cacades f(,r supersonic velocities), and finally, Chapter X, "The Influence

Scr Iumidity on the Characteristics of Turbine Stages." The last chapter, in particu-

lar, is of interest to atomic power engineering.

As it Is known, turbine stages are designed not only from the point of view of

economy, but also taking into account the requirements of reliability and the best

nianufcturltif technology. However, the authors do not consider this ent .-e complex

-2
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of interconnected problems n its logical relation and fEquence here, since it would

essentially complicate the book and, of course, would make it extremely long. At

tne same time, everywhere in the book we indicate how one solution or another can

affect the reliability and productibility of the blading elements of turbines.

The very important and interesting problems of aerodynamics of a group of stages

are not included in the book, since the experimental date collected at the present

time are still insufficient. We also do not consider such blading elements as valves,

labyrinth seals, and partially exhaust ducts. The inclusion of these sections would

considerably increase the size of the book; furthermore, these problems have been

sufficiently discussed in detail in other books written by members of the PGT

Departmert of the NI.

This monograph is an inseparable part of the entire work conducted by the De-

partment on the given problem. It is a natural continuation of a series of books

dedicated to the investigation and thermal calculation of steam and gas turbines:

the textbook by A. V. Shcheglyayev, Steam Turbines, 3rd Edition, 1955; the book by

G. S. Famoylovich and B. X. Troyanovskiy, Varying Duty of Steam Turbines, 1955; the

monograph by M. Ye. Deycb and G. S. Samoylovich, The Fundamentals of the Aerodynamics

of Axial Turbomachines, 1959; the training aid by M. Ye. Deych, Technical Gas

Dynamics, 2nd Edition, 1961.

The Appendix of this book, which is of independent value, is taken from the

Mashgiz publication under the title of Atlas of Turbine Cascade Profiles (by M. Ye.

Deych, G. A. Pilippov, and L. Ya. Lazarev). Therefore, the detailed aerodynamic

characteristics that are broadly covered in this atlas are omitted from the appendices

of this booK.

The experimental and theoretical materials presented in the book were obtained

in the laboratory of the PGT Department of the MEI by members of the gas-dynamics

group.

In addition to the authors, the following people took part in the principle

investigatl.ons: Candidates of Technical Sciences, Docents V. A. Baranov, V. V.

Frolov, and A. Ye. Zaryankin; senior scientific associates A. V. Gubarev and G. A.

Filippov; senior engineers V. I. Abramov, M. F. Zatsepin, F. V. Kazintsev, L. Ye.

Kiselev, L. Ya. Lazarev, Ye. V. Mayorskiy, Ye. V. Stekol'shchikov, and graduate

student G. V. Tslklaurl.

A signtficant portion of the MEI investigations was conducted jointly with tne

Kalupa Turlne, Leninrrd Metallurgical, and Ural Turbomotor Plants. The KTZ, in

-3-
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addition to its active participation in the investigations, conducted their own

verification of the NEl recommendations, and IMZ presented the authors with

materials on the study of stage cascades which they conducted in their plant labora-

tory.

The Preface, Chapter I, and Chapter III with the exception of IS 14 and 15,

§ 24 of Chapter IV, § 31, 32, 33, and 34 of Chapter VI, Chapters VII and X, and

also the Appendix were written by M. Ye. Deych. Chapter II, Chapter IV except for

§ 24, Chapter V, SS 28, 29, and 30 of Chapter VI, Chapter VIII and Chapter IX were

written by B. M. Troyanovskiy. Sections 14 and 15 of Chapter III were written by

Engineer F. V. Kazintsev. L. Ya. Lazarev took part in the selection and preparation

of materials for Chapter I.

-'4- (_



CHAPTER I

TURBINE CASCADES

j i. YPESOF CASCADES IN USE

The selection and detailed calculation of cascades for a stage is carried out
on the basis of data from preliminary thermal calculation. As a result of the thermal

calculation, the tentative values of velocities c..' w,, w2 (and correspondingly,

numbers M. MW, KM jK, where a, and a 2 are the velocities of sound in
r. 1 1 31' 2 2

the clearance and behind the stage), angles a0 , a~ , and 02in absolute and

relative motion (Fig. 1.), and also the reaction distribution along the radius are

established.

Fig. 1.. Velocity triangles of a stage with axial
gas flow: - -direction of moving blade
entrance.

In stages with small flare (with a large ratio of average diameter to blade

height 0 = d/1) the variation of velocities along the radius is not great and for

casede selection it is sufficient to consider the velocity triangles for the average

* dinmoter.

In nlAges with large flare it is necessary to select the cascade profiles For

several cross sections with respect to radius, thus designing the blades taking into

* account ttir characteriti~tcs of three-dimensional flow, strength, and technological

vons!I de rv 1. 1ions.

-5-
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In the blading of a multistage turbine the specific volumes and the M and Re

nwabers In absolute and relative motion very in very wide limits. Consequently, the

heights, and also the optimum shapes of profiles of the nozzle and moving cascades

for various stages will be different.

All types of profiles that are used in turbine construction may be divided into

several groups and classified by various criteria.

By function, the turbine cascades are divided into:

I - reaction, nozzle (stationary) and moving (revolving);

II - action, moving and rotating.

Within the limits of each type (I and II), cascades also are divided into

several groups by M numbers at the entrance and at the exit: A) subsonic (M < NJ,

B) transonic (M, < M < 1.3), and C) supersonic (M > 1.2) (here, X. is the critical*

Mach number M for the cascade).

For reaction cascades, a clearly expressed convergent flow in the vane channels

Is characteristic. In action cascades the mean static inlet and outlet pressures

are close and usually differ only by the magnitude of pressure loss in the vane

channels.

Cascades can also be classified by two of the most important geometric para-

meters, I.e., relatJve height and flare, whose influence should be considered

jointly. The blnding of steam turbines employs cascades of small relative height

(j = 1/b < 1.5)** and small flare (e > 20); cascades of medium height (t = 1.5 to 3.0)

and medium flare (e a 10 to 20), and cascades of large height (T > 3.0) and large

flare (P < 7 to iO)***.

In cascades of the first type, the flow has a clearly expressed three-dimensional

structure, In spite of the small flare in connection with the small height, which

leads to the closing in of secondary flows. The small flare frequently makes it

possible tG use toe results of tests made on foil cascades with high reliability.

In a :'implified Investigation of the second group, the cascade flow may be

considered to be two-dimensional, with the exception of the root and peripheral

soctlons, where the motion has a three-dimensional character due to the secondasy

*The Mi (M-) number behind a cascade, at which the local velocity is equal to
the velor, rty of sound nt a certain point on the cascade, is said to be critical.

,WHere, h i. profile chord. The designatlons of the main geometric cascade para-
meters ,r" .,1vvn In FU.. P.

***In crt9n gas tutubtner, cascades of small relative height and large flare are
en'ountor.I

-6-
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currents, leakages, and several other causes [22].

The flow around long blades of large flare should be referred to the group of

three-dimensional problems. The middle sections of these cascades in first approxi- V
mation may be calculated according to the characteristics of two-dimensional cascades

of corresponding profiles. It should be emphasized that blades of the third group

frequntly have varying profiles with respect to height.

At present, turbine construction plants are widely employing new turbine cascade

profiles that have small profile and tip losses.* The nomenclature of profiles

developed at the MEI** [2], [31], and the main geometric characteristics of cascades,

are given in Table 1.

Table I includes groups of cascades*** that differ with respect to flow inlet

and outlet angles, dimensionless N velocities, and relative heights T. The profile

number (0, 1, 2, etc.) indicates the range of accessible outlet angles for nozzle

cascades and inlet and outlet angles for moving cascades. An increase of the profile

number corresponds to the transition to profiles with larger inlet and outlet angles.

Consequently, the profile number indicates the type of profile with respect to ve-

locity triangle. The letters A, B, and B indicate the type of profile depending upon

M number (subsonic, transonic, and supersonic).

The shapes of the main types of profiles, with the designation of certain

geometric parameters, in accordance Table 1, are shown in Fig. 2. A comparision

shows that profiles of group "A" have contours of continuously varying curvature,

whereby the entrances and exits are rounded. The vane channels are continuously

converging toward the exit. Maximum convergence corresponds to channels of the

nozzle and reaction moving cascades, and minimum convergence corresponds to channels

of the action moving cascades.****

For small relative heights, action cascades are re,&imended to be made with

divergent-convergent channels (see 6) and nozzle cascades should have the

*See § J4.

**A large group of cascades for subsonic velocities (group "A") was developed by
the TsKTI and standardized. Several of these nozzle cascades were proposed by the
LMZ laboratory.

***The designations of cascades that are given in Table I are conditional and do
not correspond to the designations adopted in the standards for profiles of guide
and rotor blades.

****The geometric convergence of cascade channels is characterized by the ratto of

cross sections at the entrance and exit a1/a2 (Fig. 2).
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three-dimensional design discussed in 55.

Table 1. Principle Geometric Characteristics of NEI
Turbine Cascades

0- X,A J , 7-

1 TCIA-1 O 7 - 1

mas. 03-.9 .1 -1 T C3A 4" -
-7 TC-4A .4-49

"7- IC-l.A-!I 0.7--.956E
TC-4A-I 0.6- 56-7

- TC, A.I 2 _l -- a1

22-1 TCM5 -0f.- . -671 1- TC2 70-0. OB741 '

0.I~~I70~321-W IC-SA -0 41-46s

I 0 1, 1 2, t 1 . ..3 lO "C I I - 6 .. 7 --3 1

.6 -- .5 6 - 1 1 7 - l r C .I B P O . 6 - 0 7 - SJI
I -I1 I CBP 1 .55-0. 37--4

:11 
25 I7C - ,O.2-0. 37-4 1l

T C-48P,_ 
_

40-55 P.SA .6-owl 76-79
- . 40- 5 - TP-A. 0.52-.51 77--2 _ ___

Oiwa 85- ,, 82 TP . I.9-' -o,7 7-82i
p-45 4--50

22-33 29- TP.25 .5 - 31SIa

-- 124- TP-35 0 357-062881

G_ 7048 I__ __
1E-13 TG8P. ":-06 .3.-41

,5-48 32-35 TP-W .5206 l5-89 3"1

M..,, , 2- .9 14-2 5 I 8_2o TP.,, Io.!3-o.6.5's,--

Gp 25-20 2 TP-2B I0e-0.6 87-g9
26--32 -" TP- 4 O."--I 88-9 -7

23-3 -6 TP.3B j10.55',20.60 76-9

Prof , 11es of nzzle cascades for transonic velocities (group "B") are manufactured

wth rectilinear cross sections on the back in a slanting shear.

The acion moving cascades of group "B" have rectilinear contours also at the

entrance of the back. The channels off cascades of this group are continuously

convergent.
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Fig. 2 ...Shapes of profiles and channels of reaction and action cascades for idifferent M numbers. a) nozzle reaction cascade for subonic (TC-A) and
transonic (TC-B) velocities; b) nozzle cascade with convergent channels and
concave back in slanting shear for surprsonic velocities; c, d) nozzle cas-icades with convergent-divergent channel for supersonic velocities; e, f, g)
action cascades for subsonic, transonic, and supersonic velocities.

The nozzle cascades for supersonic velocities* are made with a concave surface

at the exit of the back in a slanting shear and with a slight expansion of the

channel at the exit (see Fig. 2). For high supersonic velocities, the vane channels

of the cascades are made in the form of convergent-divergent nozzles, i.e., theya 2
are manufactured with a large channel expansion f =-> i (see Fig. 2).

Action cascades for M > i.5 are also made with convergent-divergent channels.

For smaller M I numbers, stagnation of supersonic flow in front of the cascade is '

carried out in normal shocks at the cascade entrance.

Thus, according to the preliminary thermal calculation of the blading, it Is
possible to select the profiles of nozzle and moving cascades and establish their
geometric dimensions (pitch, angle of incidence), and perform a precise calculation,

*The design of nozzle and moving cascades for M > I is aele subject of a7 an 8.

abhg
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using thc experimental values of the loss factors, discharge coefficients, and flow

angles which are given in the atlas or in the profile standards.

In certain cases the existing profiles cannot be used ard it is necessary to

design new cascades which correspond to the particular specifications of the stage

being designed. For subsonic velocities, this problem is theoretically solved quite

accurately. For transonic and supersonic velocities, and also for low relative

heights, cascade profiles are constructed according to experimental data.

A method of calculating of two-dimensional cascades for subsonic velocities is
given below. The following paragraphs consider methods of constructing cascades on

the basis of experiments.

iI
, 2. CALCULATION OF CASCADES FOR SUBSONIC VELOCITIES

In those cases when it is necessary to design new cascades or calculate the

velocity field in a designed cascade, it is possible to use a method of approximation

that is based on the channel theory.

In the cascade theory there appear two main problems. One of them, which is

called the prima problem, consists of determining the velocity field of potential

flow through a given cascade, and in a subsequent estimate, the energy losses for

various performance (inlet angle, Re and M numbers) and geometric (pitch, profile angle,

cascade height, and others) parameters. Consequently, the primal problem is of much

value for studying the varying performance of cascades and constructing their aero-

dynamic properties.

The inverse problem consists in constructing a cascade that corresponds to the

selected or given cascade flow. In this setting, the problem of constructing a

cascade with rational distribution of velocities (pressures) along the profile sur-

face, which ensures minimum energy losses, is of practical importance.

At present, methods have been developed for calculating potential cascade flow,

using compjex-varlable function apparatus.* However, these methods are awkward and

are less convenient for programming the calculation on electronic computers (EVM),

In the applied respect.

Other methods, which are based on the solution of integral equations (43, 901,

are more convenient for programming, and therefore they can be recommended for

machine computation of the potential flow around arbitrary cascades of blades.

*Methods for ciculattng potential flow and constructing cascades are presented
in detail In f33], P131, nt' [90).
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In the TsKTI, for programming on the EVN,* the method of solution proposed by

M. I. Zhukovskiy [43] was adopted. This method is based on the solution of the

folloiing integral equation whose unknown function is the velocity potential 0:0 -
Oa.r S.1 eL. I. A ynp) ,L*r&W (

L

where r # (L) * (0) is the circulation around a blade.

and

here L is the length of the blade contour;

a is the arc coordinate;

x, y, ,I~ are the blade coordinates.-

x~ yO are the coordinates of point B at the blade exit (Fig. 3);
c 3are-the velocity and angle of flow at infinity.

Equation (1) is a Fredhola integral equation of the 2nd kind with a continuous

kernal dK

The function 0 = rK is continuous everywhere, with the exception of a straight

line, where it has a discontinuity equal to

a(S, S - -O(S' S +O0)=.()

Integral equation (1) has the following properties:

1) the kernel of the equation is continuous, and therefore it is calculated with

an accuracy that is identical and sufficient for all points of the contour;

2) in the calculation of the kernel and the free term of equation (1) we use

only the bLade coordinates, and not their derivatives, as required for solving other

types of integral equations;

3the number X - i is not the characteristic number of the equation, and con-

sequently, Its solution is unique;

*The det;cription of the method presented below was given by M. I. Zhukovskiy,
N. I. Durakov, and 0. 1. Novikova at Cie request of the authors.

-Ii-

0!



tt

I: - ___________/

j.4b) 3

SFig. 3. Construction of a cascade for a gien flow:
a) diagram of cascade with division of blade contour

Sreading of angles A:, and 02 ; b) change of function.
Ko0 dependingupon - "
Kim R

' 4) to this equation we apply the method of successive approximations, since the

kernels of equation (1) do not have characteristic numbers in the range of R < I I

[44]; i
5) in distinction from other types of equations, to integral equation (1) we i

apply a method of solution that makes it possible to replace this equation for 2n

points of the contour by a system composed of n linear equations;

6) the free term of the equation contains 0, and B2as parameters, in a form

001

that allows us to modify them separately, which makes it possible to determine 0 2

and nonstruot a soltion depending upon p,;

7) we shall apply the method of calculation, based on the solution of equation

(1) for all values of geometric and performance characteristics of cascades that are

used in practice.

~The oonstruction of a solution with the help of equation (1) involves the numeri-

: cal differentiation of the generalized potential 5; however, numerical differentia-

tion Io produced at the end of the entire calculation; therefore, the errors

I



connected with differentiation do not affect the rccuracy of the preceeding calcu-

lations.

As was shown above, the integral equation (1) can be solved by means of approxi-

mating it by a system composed of n linear equations with division of the blade

contour into 2a intervals. We shall designate the calculation points by I I, 3,

i - I, and the boundaries of the intervals bya mu 0, 2, 4, -, 2n (see

A Fig. 3a).

~1 By introducing velocity potentials for the flow around the cascade axis, which

are perpendicular to it and purely circulatory, we can write the corresponding

systems of equations in the following form:

Aw -A.~4- I
V? + A,, ;711112j, (3

O A + 4 .AI, jV" = KA

where

I. 3. ?A

The solution of these systems, which differ only by the right-hand sides of the

equations, is in the following form:

whr _ r =ctg p-ct p.
le Ono. ,c.sinF. (5)

We shall write an expression for the potentialf in proximity of the trailing

edge at points i = 2n - I and i = i, and shall subtract one from the other.

We obtain

A), - +" (6)

where we designate

A,,Pr :-lFr1, - (0").
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With the help of formulas (5) and (6) for given 13, we determine the approximate

value of 13s. By assigning one more value of 132 , for instance - 2 + 1°, we shall

calculate two velocity profiles in the proximity of the trailing edge. The outlet

angle shall be defined by means of interpolation (or extrapolation), which in this

case is precis,.* from the condition of equality of velocities at characteristic

I points [43]. The calculation of velocities is then performed with the formula

iV
H where

In the case of a cascade of blades, function Ki has the following form [43]:

K5.-- ,arctg IgS x -. ) (7)V

The numerator of formula (6) contains a single-valued function of (7m - Yi),

which varies from -i to +1, and the denominator contains the tg function, whose

sign depends both on the sign of (- -x im ) and also on the absolute value of this

difference.

Therefore, normalization of the function Ki'm depends not only on the signs of

the differences (i - 7i) and (Qm - i ) " but also on the mutual location of points

on the profile with the subscripts i and m, i.e., on the signs of the difference

di = -" i (see Fig. 3b) and on the magnitude of the modulus of (3m - i) (j* is

the abscissa of the point of intersection of the blade contour, horizontally passing

through the point with the abscissa i).

For all calculations of Ki,m one should consider that the values of this

function should vary continously, starting from the zero point B on the profile

(S = 0), whereby in case of the transition from points for which m < i to points

for which m > :, the jump in magnitude of Ki' m must be removed by formula (2), which

reduces to the traisfer of the jump of function Km to the point S = 0.

If we consider the quantity rK as the analog of an angle, then we may state
i'm

that for i positive direction of reading the angle, the reading is counterclockwise.

*The possibility of a precise calculation of the velocity profile for any value
of pi, if It is known for any two values of (3, was pointed out by G. Yu. Stepanov

[90].

-14-



Normalization of the function K is produced by the following formulas:

i, ik

L -i,<o.

K,. =,-... ,. -. o

where v, depending upon the sign of the difference dt =x -X (see Fig. 3b), takes

on the following values:

V -0 '- d1>o.
v=2 shm d,<O.

The quantity K is expressed by 0" depending upon the magnitude of thei'm
modulus (3m -70:

a,.. Ito. 4 - !j <1-, 1,,5,
0.5 , 1i.-5< X,!<0.

where

,. . -I IK,.17,<0.,d- 0 <i-,1<o05.

The change of Ko* and the conformity of pcints 1, 2, 3, and 4 is shown on

Fig. 3b.

Furthermore, when m > i, a one is added to all values of Ki'm in accordance

with formula (2). The indicated method of normalization of the function KI'm was

carried out in a program for performing calculations on a computer.

If the calculation is performed for profiles with very thick trailing edges, for

instance for the profiles of gas turbines with cooled blades, then for determinin,

Or, the right sides of the system of equations must be recomputed for IKi,01 > I.

Tn this case their new valuis, Kio = Ki - 2, are calculated. The recalculation

is forseen In the program.

In the program, the profile is divided into a given number 2n of intcrval.s and

the points of division arc calculated. The points of division of the profile with

-15-
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odd Indices are taken as the calculation points, and the point with even indices are

the boundaries of the sections. The consecutive numeration of points goes from the

middle of the trailing along the convex side oZ the profile, but then along the con- o
cave side (Fig,. 3a).

After finding the points of division, the function Ki, of the integral equation

is calculated and they are normalized according to the rules stated above. Then

the coefficients of the system (3) of linear algebraic equations are formulated:

The right sides of the systems of equations will be the quantities 2x, 171 ,

and tO"

The systems of linear algebraic equations are solved by the method of sliding

successive approximations. As the zero approximation we shall take the right sides

of the equations. Calculations of the potentials #," *, and *r are conducted with

a specified degree of accuracy. As a result of the calculations we shall obtain

the values of x'9 y"and Or at the calculation points of the contour and shall

calculate the generalized potential 0 with formula (4).

For differentiation of the potential V we use the interpolation formulas of

Stirling and Newton, retaining the third order differences.

For calculation of cascades of blades that are given by the coordinates of the

points, it ts necessary that these coordinates be given with uniform pitch along

axis x. The leading and trailing edges of the profiles should be rounded and the

coordinates of the arc centers and the valuei of the radii should be indicated. In

addition, the obscissas of the boundaries of these arcs are given. A check showed

* that the minimum permissible number of division intervals of a contour is 2n = 120.

As an example we shall present the calculation of a cascade of T-i TsKTI turbine

bLades for a relative pitch of T = 0.646. This cascade consists of greatly distorted

thick blades and was calculated for small pitch.

A compnrision of the velocity distribution c( =- which was obtained

by numerical differentiation by the potential W with the velocity distribution that

w s obtained earlier according to the method based on conformal mapping,* showed that

differentintion should be carried out separately on the convex and concave sides of

*This mothod, as it is known, makes it possible to calculate the velocity dis-
tribution without numerical differentiation of the velocity potential.

-16-



the blades (Fig. 4).

( 41/|

5 4? 4' 45 45

Fig. 4. Velocity distribution according to a TeTI

T-1 blade development for ( = O.66; f = 1600;
2w 160):

-calculation by the method of conformal mapping;
o o o - calculation on electronic computer (EVM) for
2n = 120; -A -A -A - calculation according to the
channel theory; x x x - TsKTI experiments.

In the calculation, for each value of p, we obtain two values of angles P2'

from which one value of 0, is determined with the help of formula (6), and the

second is given by p + 10. For a T-1 cascade when p, 1600, the values of

p2 = 14042' are obtained.

In the given example the angle P2. which was determined by means of extrapola-

tion, is equal to 160. The velocity profile is shown in Wig. 4. This figure also

Indicates the velocity values that were obtained experimentally [20]. The experi-

mental value of the flow-outlet angle in this case is also equal to 160. As can be

seen from FIg. 4, the velocity profile obtained on the computer coincides well with

the experimental profile.

Considerably simpler calculation methods, which make it possible to solve the

direct and inverse problems with a satisfactory accuracy in certain cases, are based

on the channel theory. These methods do not require the application of electronic

computers. At this time we know of several methods for calculating cascades accord-

ing to the channel theory (33].

-17-
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Cascade calculation according to the channel theory Is based on the use of a

continuity equation and the condition of irrotational (potential) flow for a given

or specially selected law of velocity distribution along the cross section of achnnl

channel.

The problem of the flow around cascades can be successfully reduced to the cal-

culation of flow in the channel only for moderate values of relative pitch. Further-

more, the channel theory makes it possible to calculate the flow only in the vane

channel; in the entrance area of the back and in the slanting shear on the exit it

is necessary to use special methods, and the accuracy of calculation for these

areas is lowered.

The chsannel theory was developed in the works of G. Flyugell , G Yu. Stepasnov,

A. N. Sherstn, and G. S. Samoyloveih. All known methods for calculating a cascade

* channel are based on the following assumptions: a) the shape of the isopotential

lines and the points of their intersection with the channel walls are determined

approximately; b) the law of velocity distribution along the cross section of the

channel (along the isopotential lines) is selected.

In connection with the fact that the velocity distribution along the cross

section of a channel has a hyperbolic character with respect to the radius of curva-

ture, the appropriate equation can be selected in the form proposed by G. S.

Samoylovch and A. N. Sherstyuk:

C !__ _ , (8)

Here (see Fig. 3a) c1 is the velocity on the convex surface of the channel (back

of blade); =/r, is a dimensionless ordinate; a = a is the dimensionless width

of thp channel; r1 is the radius of curvature of the back of the blade;

x -1 ; r r,

where r2 in the radius of curvature of the concave surface.

As the equipotential line we shall select a circular arc (see Fig. 3a) which is a

srooth line that is normal at the intersection points to the walls of the channel.

The velocity components along this equipotential are small as compared to the normal

componontt, s.

Formuli (18) I suitable for channels both with identical, and also with different

(In .ign) otsrvntl,rvs. Th" quantity a is positive, if the first wall is convex, and
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negative, if it is concave. The dimensionless radius of curvature of the second

wall '2 is considered to be positive when one wall is concave and the other convex,

-. and negative when both walls are concave or convex.

We shall now find t a gas flow through a cross section of the channel. For

small numbers M < 0.4, when the influence of compressibility may be disregarded, we

shall find the volume flow rate of fluid through the channel a with the following

continuity equation:

Replacing c here from (8) and integrating, we will obtain:

In I - A I -V -4h.) (9)

For convenience of calculation, the Appendix gives graphs of the dependence of

6 = f(W, x) which is expressed by formula (9).

For a compressible fluid it is necessary to consider the change of density. The

most simple way of calculating compressibility was indicated by A. N. Sherstyuk. By

using the method of small disturbances, it is easy to show that in the case of a

compressible fluid it is also possible to use formulas (8) and (9), if the volume

flow rate of air (in the given "section") is determined for average density ps:

Q-GIQ

where G is the mass flow rate of gas.

The density ps Is found by means of the given flow rate qs and the tables of

gas-dynamic functions [22], while q. is determined by the formula

q- GIO.

(G, is the critical flow rate of gas through a given section of the channel).

But if

ese" y Paa,

then

,- q, q2 (I(q

whorr Lhe given flow rate, q, or q , is determined correspondingly by the parameters

of' flow In front of the cascade or behind it.

-19-



The method of calculation of velocities reduces to the following. Circles are

Inscribed in the channel (see Fig. 3a). Equipotentials (circular arcs) are drawn

: ; through the points o . tangency of these circles with the walls of the channel A and ,-

D. The length of the equipotentials and the radii of curvature of the boundary flow

*, lines at points A and B (r i and r 2 ) are determined. Then the dimensionless parameters

are found:

On the basis of the gas parameters in front of the cascade, the dimensionless

S fvelocity A1 is determined, and from the tables of gas-dynamic functions, the given

flow rate q, is found.

Further, by formula (9) the average given flow rate for the constructed equi-

potentials is found, and from the tables of gas-dynamic functions and qs, the

corresronding ratio of ps/p0 is determined.

The volume flow rate through section a is determined by the formula

IQ.

where Q, is the volume flow rate in front of the cascade;

Q, 14 do P&

(the ratio pl/O is determined by qi).

Now, by means of formula (9) or the graph (see Appendix), we find the value of

6 and then the vel point A:

- CA = Q16A

The velocity at point D is determined by formula (8).

In the calculation of flow at the entrance and exit sections of the back in the

slaiting shear of a cascade, it is necessary to find the boundary flow line. In a

simp]e case, the boundary flow lines in front of the cascade and behind it can be

selected in the form of segments of straight lines (see Fig. 3a). The direction of

the:se iines nt the cascade entrance Is given (angle I), and at the exit it can be

detr mnd Ly one of the known methods and, in particular, by the following formula

(§ '):
p, arcsin (m. -).

In res, qty, the separated boundnry flow lines in front of and behind a cascade

nro dl.-torte, near the Lending and trailing edges, whereby this distortion is more

-20-
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considerable, the greater the relative pitch of the blades and the circulation.

The accuracy of velocity determination with the described method may be judged

C) by Fig. 4, which gives a comparision of the calculated and experimental data for a

cascade of T-1 TsKTI turbine blades. As follows from Fig. 4, an essential distinc-

tion between the calculat.-d and experimental data is observed mainly near the leading

and trailing edges, which is quite regular.

§ 3. BLADE STANDARDS OF NOZZLE AND MOVING CASCADES

The blades of nozzle and moving cascades developed by various organizations A

(TsKTI, MEI, TsNII, INZ) are listed in blade atlas which is recommended for use by tur-

bine-construction plants. The atlas includes blades with small design and tip losses,

and ones with stable aerodynamic properties in a wide range of variation of geometric

and performance parameters.

For the purpose of limiting the number of blades and their type and dimensions

to the minimum practical, and for setting up the centralized production of blades

in order to employ progressive technology methods and to decrease metal expenditures,

some of the blades of nozzle and moving cascades given in the atlas are standardized.

These standards include blades only for subsonic velocities (group "A"), developed

by TsKTI, .4MZ, and MEI.

Table ? gives the main parameters of standardized cascades.* The standard

includes four profiles of nozzle blades and nine profiles of moving blades of the

action type.

The profiles of nozzle (guide) cascades, H-i, H-2, and H-4, have an approximately

identical range of outlet angles of flow, i.e., a, - 9-15° , but different mechanical

properties. Profile 1i-2 is designed for large outlet angles (a, = 12-20° ).

A. can bn seen from Table 2, the standard designations of the profiles are

modificd (.s.e Table 1). We shall consider the complete designations in an exaunple -f

11-i2-B and 4P-42-B profiles. Here the letters H and P, respectively, indicate the

type of cascade (guide, i.e., nozzle and moving). The number after the letters :!

and 1 (1, P, 3, 4, ...) Indicates the organization that developed the profllc.

For moving carcndes, the numbers before the letter P indicate the fluld de-

flection, I.c., the type of profile with respect to velocity triangle. Ac the nu:rir-

se:;e:', the inlet and outlet angles increase, and the fluid deflection

4AII derignations in Table 2 have been selected in accordance with th, -,tand, rd.
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Table 2. Profiles oC Nozzle and Moving Cascades (Included in the Standard)

"meft~ of realstnme'= 3  
OnrldaoruirtoRGMOOf w~p f satlo= Od tazl

vsian,- out.t Inlet ":de- deveoped(

r- "-6 0 -1 2,461 03 13 066 156 00 10,3976 2.!27 C-I I Xiylw

deelps!
%lo I I 3~l ti flo

H. 9-15 70-110 2.42 0 0.31 0 OW ism6 N0 0.16 2.401 232 ,

H4 10-17 70-110 2.166 03 0 12 0.760 0,180 Z= TC.IA 'm

3P-1 24(24-29) 2B(28 7.001 I6 2.116 .06 362 2.697 11.09 A2 1
VP-1 31(26-3) 45(40-:6) 6.1061 1.006 1.617 4.01 3.195 1.804 10.06I A.261

1P.2 17(16-19) 20(18-30) 2.039 I2.612 5.215 4.177 3. 11.6 T
2P72 20(19-22) 25(25-40) 7.131 127 2.312 I5.067 &749 3,063 11.08 T-lA
3P-2 24(24-28) 28(845) 56 1.218 I .607- 3967 3.013 1.777 8.784 T-3

4 20(19-22) 25(25-40) X736 1.97 2.406 5= 3.756 337 11.18 TP-2A r

4 31--32) 45(35-5%0 4 0M 1.125 i 337 1 2.495 .6 I 7.340 TP.4A 15 3. . 05 2.26 j0 2 0,7214 6,0 TP-SA4,11.1.....~k .2M21 1_ %18

*For moving cascades, the standards indicate only one value of the inlet and
outlet -,ngle. In reality, every moving cascade can be used in a sufficiently
wide range of p and 02 (see Table I). This range is indicated here tentatively
in parentheses.

**Given for nozzle cascades with a width of B = 25 mm and for moving cascades
with a width of B = 50 mm; W and W are the moments of resistance of the profile

X y
with respect to axes x - x und y - y (see Fig. 3); 1x and Iy are the moments of

inertia with respect to axes x - x and y - y; f is the cross-sectional area of
the blade.

correspondingly decreases. Profile IP corresponds to a deflection of Ap = i80 -

- ( I + 02) = i35-i3
0 , and profile 5P indicates a deflection of V = 86-960.

The second digit in the designation for nozzle (guide) cascades end the third

digit in the designation for moving cascades characterizes the thickness of the

trailing edge. The letter B gives the width of the profile in mm.

The bnse line for the construction of profiles is the external chord. The

adoption of this base line excludes the necessity of recalculating the principle

dimensions of the profile contour for variation of the angles of .ncidence of the

profiles.

All p-ofiles of nozzle and moving cascades that are included in the standard

(Teble 2) tre divided into groups, depending upon the relative thickness of the

trailing edge Ap.
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For the formation of geometrically similar cascades for the majority of profiles

of rotor blades of steam turbines, a total of two thicknesses for trailing edges can I
be introduced for width intervals from 15 to 20 m and from 25 mm and above.

-I I
In connection with the fact that the variation interval of edges for blades

that are employed in stationary turbine construction is small, the introduction of

a thicker edge for a width 15 to 20 mm is mainly stipulated by the technological

considerations.

For nozzle cascades, for the purpose of decreasing the modifications of each

type of profile in the development of the standard dimensions, the entire width

scale from 25 to 100 mm is divided into three groups according to thickness of trail-

ing edges: 1.0; 1.5, and 2.0 m, with a variation in width by 25-35 mm, 40-65 mm, and

70-100 mm.

The standard contains profiles of different widths which are geometrically

similar to the initial profiles, all their dimensions, Including the trailing edge,

vary within the limits of each group with complete geometric similarity. For a

guarantee of complete geometric similarity of profiles, the standards include

reference profiles whose dimensions are calculated with an accuracy of four places

after the decimal point.

§ 4. AERODYNAMIC CHARACTERISTICS OF CASCADES FOR SUBSONIC VELOCITIES

Aerodynamic characteristics include the dependence of the coefficients of pro-

file and tip losses of energy and inlet angles of flow on the basic geometric and

performance parameters of a cascade.

The characteristics are obtained experimentally, e.g., by testing cascades in

wind tunnels by the transverse method. Practically all experiments were conducted

with a small degree of turbulence* of the incident flow, E0 = 0.5-1.5%*, and a uni-

form velocity field at the cascade entrance.

Consequently, the characteristics in the standard cannot be directly used for

thermal calculation of a stage and a multistage turbine, since they do not consider

a number of extremely important factors which determine cascade losses under real

conditions: flare, discontinuity of velocity field with respect to height, and

*fly degree of turbulence, we mean the quantity

where c and c are the local and root-mean square "ralues of the pulsating veloclty
component; om is the mean velocity of steady motion; At is the averaging-time irLerval.
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turbulence of flow. It Is natural that the first two factors are important only for

estimating tip losses. Flow turbulence also influences profile losses.

Aerodynamic properties can be reliably used for selecting an optimum cascade )
variant for the stage being designed, and also for estimating the influence of the

noted changes of geometric or performance parameters of a profile. Taking into

account the correction for turbulence, the coefficients of profile losses can be

used sometimes for calculating the cascades of stages with long blades of constant

and variable profiles. In such stages with cylindrical outlines the tip losses are

sometimes (with large relative height) small; therefore, it is possible to expect

a satisfactory coincidence of the calculation with the experiment.

After selecting the cascades, it is necessary to use the appropriate aerodynamic

properties which are given in the atlas of profiles. These characteristics are given

in the Appendix for two types of cascades.

For reaction cascades, the profile characteristics, i.e., the coefficients of

profile losses Cnp and the outlet angles of two-dimensional flow a,, are given

depending upon the relative pitch t = t/b and the angle of incidence of the profile

a for Reynolds number* Re = -!E 4.105 and niuber = -a = 0.3. The influence

of the inlet angle of flow a0 is considered by the appropriate corrections for C and

a1 . These corrections are given for the same initial values of ReI and M1.

Experiments show that usually the influence of he number at subsonic velocities

must be considered up to Re = 1O6 (Fig. 5). For this purpose, the standard includes

corrections which consider the influence of Re number on profile losses. Experiments

conducted by different organizations distinctly showed that the influence of Re

for various cascades Is qualitatively similar. Therefore, the corresponding cor-

rections are given in the form of kRe= / 0 = f(Re), where n 0 is the coef-

ficient of profile losses for Re = 10° , which correspond to the minimum losses shown

in Fitg. 5.

The stnridard also contains the depencence of the coefficient of tip losses

on the quantity thAt is inverse to relative height I/ = b/1 for different values of

*'Tho formulns for dletermining the Re and M numbers include the theoretical ve-
locItlcs c 1 t. and wpt. The kinematic viscosity vi and the velocity of sound a1 for

the theorct.lal process Pre selected according to the parameters behind the cascade.
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Fig. 5. Influence of Re number on profile losses
in reaction cascades according to experiments at
LHZ, NEI, and TsKTI. Curves: I - for profile
H-31 (LMZ); 2 - profile H-2 (TsKTI); 3 - profileii-'6 (M ).

It should be emphasized that the influence of Re number on tip losses is also

considerable. The other performance parameter, i.e., the inlet angle of flow aO,

has a more substantial effect on the tip losses than on the profile losses: the

influence of these two parameters is especially great at small relative heights b/Z.

These results are confirmed by the data shown in Fi,. 6, which were obtained at the

HEI for low subsonic velocities.

However, in connection with the shortage of experimental data, the appropriate

corrections are not included in the standard. For a tentative estimate of the in-

fluence of aO on profile and total losses in a reaction cascade of the type TC-A

(MEI) and others, it is possible to use the graphs in Fig. 6.*

For action cascades, the influence of the inlet angle is illustrated by the

graphs In Fig. 7.

The influence of compressibility (M number) on the characteristics of cascades

of group "A" is different depending on the shape of the profile and the gecmetric

parameters of the cascade, and in particular, the relative pitch and relative height.

However, for the majority of cascades made out of profiles of group "A," there is

noted a general tendency towards a sharp increase of profile losses with the Incre ase

of M when 11 > M 1,. In the subcriticnl region of M < Mi. the profile losses decreas(?

AP*.10
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somewhat as N1 increases. The intensity of the increase of n depending upon M1

in the transonic region, varies essentially as the relative pitch, inlet angle,

and degree of flow turbulence vary.

The influence of pitch is explained by the displacement of the local supersonic

zone and the closing shock waves an the back of the profile as T changes. As T

increases the shocks move against the flow; therefore, the flow around the back

becomes worse (Fig. 8a). The character of the change of profile losses, depending

upon N1 , essentially depends on the conditions of flow in the boundary layer. The

intensity of the increase of losses in the transonic region, during the interaction

of local shocks with the laminar layer, is considerebly higher than in those cases

when the layer on the back of the profile in the slanting shear is turbulent. If

In the shock zone there occurs turbazlizaticn of the layer on the back, the profile

losses decrease somewhat at N1 increases (see Fig. 8a).

a)

44 4 A0-

1%

46
M 45 a ~~b)47 V g 0,

Fig. 8. Influence of compressibility (M,. number)

in reaction cascades for different relative pitch t:
a) profile losses, b) corrections for profile and
tip losses and outlet angle of flow aI . According

to TsKTI . - .- ; according to MEI

Tip losses in nozzle cascades decrease in the subsonic and transonic regions as

M lncreas(,s (see Fig. 8b). Consequently, the total losses when M > 0.6 increase

less intensely as the relative height decreases. The corrections that consider the
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influence of compressibility on profile and tip losses in nozzle cascades and the

outlet angle of flow when < I can be taken from the curves in Fig. 8b.*

The aerodynamic properties of moving cascades of the action type are represented

In the form of analogous dependences of profile and tip losses of energy and outlet

angles of flow on the basic geometric and performance parameters (see Appendiz).

The ranges of permissible values of relative pitch, angle of incidence, and

inlet angles of flow are shown for each profile in the corresponding aerodynamic

I. properties.

Let us note that the region of practical self-similarity with respect to Re

i! number occurs in moving cascades for lower Re 2 , which depend on the inlet angle of

flow; this is connected with the earlier transition of the laminar layer to the

turbulent layer on the profile contours; the transition region in weakly convergent

flows is displaced against the flow.

For an estimate of the effect of M1 number on profile and tip losses and on the

outlet angles of flow for action moving cascades, we can use the graphs in Fig. 9,

which were constructed on the basis of MEI experimental data. Qualitatively, these

graphs coincide with the corresponding curves for nozzle cascades (see Fig. 8).

In action cascades, the transition through the velocity of sound is accompanied

by a less intense increase of profile losses (Fig. 9), since in the zone of super-

sonic velocities on the back the boundary layer is turbulent. Tip losses decrease

as the M2 increase, especially intensely in the region of transonic velocities.

The aerodynamic properties of nozzle and moving cascades, which are given in

the standards, do not contain corrections that consider the influence of initial

turbulence on profile and tip losses and the outlet angle of flow.

A!. the same time, as indicated in the MEI experiments in Fig. 10, the profile

losses essentially increase as the dEgree of turbulence increases, whereby the in-

fluence of E is different, depending .ipon the type of cascade and the Re and M

numbers. The outlet angrle also increases as the degree of turbulence increases. Tip

losses changes less significantly as E increases. For moderate values of Re < 5-105

and N < 0.5, the profile losses in nozzle and moving cascades decrease somewhat in

the intervi of' E 0. -2, or remain constant.

*KM = ,flL-- where t 1,.0 is the minimum c-fficient of profile losses.

0
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Fig. 9. Influence of compressibility in action
cascades: a - on profile losses, b - the same,
on total losses; c - corrections for profile
and total losses according to MEL.

The cert~ain lowerin, of losses np in this interval of E 0 for action cascades

I.-- explatned by the displacement of the separation line through the flow at the

tir-i Ling (:e since an Increase of turbulence of the layer increases its resistance

to sJeparation. For this reason, the losses in nozzle cascades in the same interval

of E,) an- practically unchanged. However, in this case the influence of E 0 is less

considerablro because the rearrangement of the velocity profile in the boundary layer

in a convergent flow is riot so intense when E. changes.
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Fig. 10. Influence of degree of turbulence on pro-
file and tip losses in reaction and action cascades
for different M and Re numbers.

When E0 > 2-3% the profile loses in the cascades increase, whereby the greatest

increase occurs in action-type cascades, while the tip losses increase less intensely.

A detailed analysis of the structure of flow in cascades for large E0 shows

that as the degree of turbulence increases, the frictional losses in the boundary

layer usually increase. For an estimate of the increase of C, depending upon E0,

it Is possible to use the curves in Fig. 10. Here it is necessary to know the

tentative values of E in the stage being designed. Minimum E are detected in the

first turbine stage, and maximum in the intermediate stages. Corresponding measure-

ments, carried out at the MEI, showed that the degree of turbulence for various stages,

depending upon Re and M numbers, varies in the range of E0 - 6-25%.

It should be emphasized that the influence of E is less perceptible at large

Re and M numbers, especially in the zone of transonic velocities, where a partial

or complete degeneration of turbulence in the boundary layers is detected. For this

reason, the influence of E0 is different for stages that operate in various intervals

of change of Re and M.

Experiments conducted at MEI showed that even with a high turbulence of flow

at the entrnce, at large M, numbers, in the cascade channels there is detected a

reverse transitton of the turbulent boundary layer to the laminar boundary layer.

he rever.: transition Ls accomplished gradually near the throat section and part

of thbe [:k In tho s[ititinfr shear is flowed around by the laminar layer.

LmatinnizatJon o," the boundary layer is explained by the stabilizing influence
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on layer rendered by the large negative pressure gradients that appear on a sinift-

cant portion of the back contour. An intense convergent flow is especially charac-

teristic for transonic and supersonic velocities. At these velocities on the tack of

the profile in the slanting shear, to the point of incidence of the shock on the back,

the layer turns out to be laminarized.

- I

Fig. 11. Characteristics of reverse transition of
turbulent to laminar boundary layer according to
NEI experiments MI = 1.27: a - velocity profiles
in boundary layer on back; b - change of thickness
of inpulse loss along back; y - distance from back;
6 - thickness of layer.

Experimental confirmation of the reverse transition at transonic and supersonic

velocities is given in Fig. li, which represents the velocity profiles and thickness

variation of impulse losses along the back for small turbulence (curve 1) and for

artificial flow turbulence in a channel (curve 2).

It is obvious that a reverse transition for a nonseparated flow leads to a

lowering of profile losses in the cascade. However, if on the exit section of the

back there forms a diffusion region, the cascade losses increase intensely, since

the laminar layer is easily separated. At transonic and supersonic velocities,

separation on the back of a profile is caused by shocks.

In those cases when the cascades of stages being designed cannot be taken from

the standards or the atlas of profiles, the aerodynamic properties are calculated

with empirical and semi-empirical formulas. We shall consider the method of calcu-

lating the individual components of energy losses which is used at MEI.

The frictional loss coefficient, taking compressibility into account, is generally

calculated by the formula

-3'-
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Here

cl

= is the dimensionless flow rate at the trailing edges of the profile (the
U rate referred to the velocity of flow into a vacuum c.);

Fit is the same quantity for an isentropic process (without losses);

6* * is the depth of the impulse loss;

II* is the relation of the depth of energy and pulse losses, which is
approximately constant and equal to H* - 1.8;

t is cascade pitch;

(1 is the outlet angle of flow.

In accordance with equation (i), summation is carried out along the concave

and convex surfaces at the trailing edges.

The relative depth of the pulse losses on the back and the concave surface is

determined by the following formulas:

a) for small longitudinal pressure gradients

IF~g
L* Ia /.I..Ree.,3 -, ; _\e.

where L is the length of the back or the concave surface;

b) for large longitudinal pressure gradients

I ** 102 Re' x)+ dx(
4p, Re.,

The furctions f,, ,2 0 f and 3' which depend on are determined by

moans of graphs (or formulas) given in the Appendix; 0 is the value of 5* in the

beginnin, of' the turbulent section of the layer. For a completely turbulent "low

nrournd a p,'r,'ile, r0= 0. The Reynolds number is calculated with respect to

:I,n1 1.11 fy rwn,d and the value of kinematic viscosity on the surface of the profile:

Re* *.
-CT
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Formulas (ii), (12), and (13) are essentially simplified for an incompressible

fluid, since the functions that consider compressibility (fi, f2. etc.) become equal

to zero.

In the determination of frictional losses one may also consider the high

turbulence of flow. The depth of the pulse losses in this case is determined by

means of V. A. Vrublevskaya's approximate formula:

1Z-A; f- (14)

where Is the value of S** for large values of the degree of turbulence,
Eo > 0.5% and A EO - 0.005;

is the relative depth of pulse losses when B0 9 0.5%;

A is an experimental coefficient that depends on the type of cascade (longi-
tudinal pressure gradient).

For nozzle cascades at low velocities (N. 6 0.5) it is possible to assume that

b6= 6; A I+ 12 vy(Re) = 2,3- .1 Re. 0-+ 06R8.8 -O".

For an action cascade: b = 6 and A - 1.2-I.4.

During the calculation of profile losses, when taking into account a raised

degree of turbulence, one should consIder the decrease of parameter H* in formula

(11). According to MEI experiments, as E. increases to 10%, the parameter H* decreases

by t2-15% nzd is equal to H* - 1.53-1.6.

The increase of profile losses is approximately estimated by means of the

graphs in Fig. 10.

Edge losses for a small edge thickness ctn be determined by TsKTI formulas

(M. I. Zhukovskiy and N. A. Sknar'):

0, ,,33 O33.A. (15)

for nozzle cascades, and

0q =0,046  =0,46  (16)

1 intpi

for moving cascades of the uction type. Here Ap is the thickness of the trailing

edi,e; a2 Is the width of the throat ar'a.

Edge losses may be tentatively de~ermined by Flyugel's formula:

as (0
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where K ic a coefficient that depends on the geometric and performance parameters

of the cascade.

Experiments conducted at MEI indicated that in a known range of charge of

the dependence of Cr(A/a 2) is also linear. Consequently, formula (17)

obtained experimental confirmation. However, in accordance with the experimental

data presented in Fig. 12a, coefficient K varies within the limits of K - 0.11-0.27,

where the smaller values of K pertain to nozzle cascades. It should be emphasized

that, depending upon the method of changing the relative thickness of the edge

(P/a2, the linear character of the curves Cp(AP/a2 ) is disturbed. This is con-

firmed by the location of experimental points on the curves in Fig. 12a, which were

obtained for various pitch, profile angles, and trailing edge thicknesses.

481 Al 43 44 b)4$ 44' 47 AK

Fig. 12. Characteristics of edge losses depend-
ing upon edge thickness and conditions: a -
edge losses; b - depth of pulse losses and para-
meter IT* under different conditions. Profile
TC-1A, MEI experiment.

The MFI experiments also showed that the depth )f the pulse losses on the back

and cofcnvI .,urface Ft. the trailing edge aid the parameter H* do not depend much on

A e Flin. 12b); the ratio tcn es adepening upon M, Re1  N.. changes

very ettlf' and vare from 3.8 to 4.0. The curves in Fig. 12 show that the edge

lo~s; at sumbsonic veloeities depend very little on the n and Re numbers. Profile

loss'TsM In xe casade are detemined by the sum C n f t pus HP

At low nubsonlc velocities, for a tentative calculation of profile losses It is
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possible t.o use the following formula [48]:

where b is the mean value of the depth of pulse losses determined by the formula

Substituting 5**= b Re-m and a2 - t sin a, M bT sin ai w, where aot.
a

arc sin -- is the effective cascade angle, we will obtain

(18)

Here m 0.5 for laminar, and m - 0.25-0.3 for turbulent conditions; accoraing

to 7alif, E 0.05-0.17, For a recalculation of profile losses from one edge thick-

ness to the other, it is possible to use formula (17):

(19)

where is the edge thickness of the initial profile.

Tip losses are determined by the MEI formula:

AK- j~ I +aB[I +q(X)'Ogl-] 3*coO Fu. (20)

Coefficients A, B, m and K are given in Table 3. The function ,(X) L is

the density ratio before and after the cascade and is expressed by the formula

where ,, qnrd F2 are the dimensionless velocities before and behind the cascade.

For caLculation of tip losses it is possible to use certain approximate dependen-

ces and, In particular, the TsKTI formula:

' .=(002 -fO.03)K . (21)

where?, as already indicated, depending upon the parameter
(sin Cl

Kc  i n a2) for nozzle cascades,

3
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or II

for moving cascades, the tip losses are represented in the standards.

Table 3. Values of Constant Coefficients in the For-
mula for Tip Losses

hotion eamadee i Reafteon aoeee

Lowma bowwumy Tura aet bowdar7 L~w --w bo"wdw ilt bW u w
lwr oy e laj layer

A S A 9 A A

.05 0. j9 0.51 . 0.k.

_ _ 0.4 O.A 0.8 1.0

K, 0OM" 0.957 o." .M

The outlet angles of flow from the cascade are calculated by means of the

approximate formula

a = arcan m, (22)

where m0 is a coefficient that depends on the type of cascade and the conditions of

flow (Re and M numbers), which vary within the limits of m0 = i-1.1. In

many cases, at subsonic velocities it is possible to assume that

t (p is the thickness of the trailing edge of the profile).m o = t - i I

Calculation by means of the above-mentioned formulas permits us with sufficient

accuracy to determine the profile characteristics and tip losses of normal cascades.

A comparison of calculatei and experimental characteristics is shown in Fig. 13.

The calculated and experimental values of the depth of pulse losses coincide satis-

factorily for different degrees of turbulence (see Fig. i3a). Analogous conclusions

may also be made by comparing the profile characteristics (see Fig. 13b). It should

be noted thnt formula (221 does not consider the effect of Re number on the outlet

angle of I'Lw; therefore,, n the zone of low Re numbers there is noted a considerable

divergence of exper.tmental and computed values of ai.
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Fig. 13. Comparison of experimental and calculated cascade characteristics: J
a - depth distribution of pulse losses along the back of action and reaction
cascades for different degrees of turbulence: ..... experiment;

calculation for TO-1A cascade; - calculation for TP-2A. b -
profile and total (for I = 1.25) losses in TC-1A reaction cascade; - ex-
periment, - - - calculation by formulas (i1), (16), and (20); - loss in
TC-IA cascade, depending upon height, inlet angle of flow, and overlap: -
experiment; --- calculation by formulas (11), (16), and (21); ...
calculation by formulas (II), (16), and (20).

Calculation of tip losses by formula (21) gives satisfactory results for large

Re numbers and 11 z 0.4 for reaction cascades. For lower heights and arbitrary Re.,

formula (20) is more exact (see Fig. 13c).

The presented method of calculating cascade characteristics and the experimental

data pertain to aerodynamically smooth blade surfaces. Investigations show that in

actual use the surface roughness is essentially increased due to corrosion and erosion

of blades, and also as a result of salt deposit. Tentative values of absolute blade

ruuglmess sre given in Table 4.

For the characteristics of the state of blade surfaces we introduce relative

roughness, RM = k./b (or I/,,, = b/km).

Profile and total losses in cascades depend on relative roughness, with the

increane of which the losses increase and the Re number that corresponds to the be-

ginning, of the region of practical self-similarity decreases. In flow around
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Table 4. Values of Abso.lute Blade Roughness

blade pafldd &-w bld bledt *awit
artfo bled".. suf" tied"

hol*t of

k'i O on. 001-4M OPS-O. M0o--o 5-M M O1"-&4

aerodynamically smooth surfaces, the coefficient of profile losses decreases as the

Reynolds number increases, and in a logarithmic grid this dependence is approximately

depicted by a slanted straight line (Fig. 14). The position of the straight line

Ig p= f(ig Re) depends o. the type of cascade, the inlet angle of the flow,

the degree of turbulence, and other parameters which affect Figure 14 shows

corre~ponding straight lines that were constructed for a group of reaction and

action cascades in a turbulent zone, depending upon certain parameters.

2 IP-M 445% 4-J a?-M 4-1.3% ..-W
3 WIA% r-12% .4-30- 018-1 e

% ~~c M7- - - Y- 4-4s+2% ae-,?
a C-IA ErUX2% s,-W

NL

II
--- W

Fig. 111. Dependence of profile losses on Reynolds
number for different cascades at various inlet
angles rnd different initial degrees of turbulence.
The thin dotted line shows the grid that cor-
responds to roughness according to (. A. Zal'f.
The line T - T determines losses in the turbu-
lent zone for a smooth surface. Experimental
curves: action cascades; - re-
action cascades.

For Paoli ensende it is possible to note three characteristic regimes of flow.

At low Re, when the thickness of the inner portion of the boundary layer with maximum

For a'hcasndeit.is ossbleto ote hre chraceriticregmesoftlow
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velocity gradients considerably exceeds the average size of the rough projections,

roughness does not affect cascade losses, i.e., the blade surfaces may be considered

as being aerodynamically smooth. As the Re number increases, the portion of the

boundary layer that is near the wall, and also the whole layer, will be tapered and

the rough projects will gradually protrude into the outer portion of the layer,

wb-re their flow occurs with separations of flow and eddy formations. There is then

a %narp increase in the intensity of turbulence and frictional losses in the boundary

layer; the profile losses increase as Re increases. Sich conditions should consider

as a transition to conditions of flow with raised roughness which are characterized

by the independence of CP on Re ("self-similarity" conditions with respect to Re

number).

A comparison of the lines in Fig. 14 shows that the beginning of the transition

to the zone of raised roughness essentially depends on the longitudinal pressure

gradient, the initial degree of flow turbulence, the inlet angle of the flow, and

also the shape of tne profile and the channel. These parameters also affect the ex-

tent of the transition regime. The grid of dotted lines plotted on Fig. 1I, which

was constructed according to G. A. Zal'f, is conditional; the experimental charac-

teristics, depending on the enumerated factors, cen essentially deviate from the

dotted gird.

The influence of roughness on CnP may be considered by means of the experimental

data obtained for one roughness b/k.. After excluding the transition section, we

can find the salient point at which the slanted line of losses passes into a horizon-

tal line. For this point the transition Re number is equal to:

(23)

where coefficient C is kept constant for the given cascade at fixed i alues of EO,
0() and M1 . A change of these quantities leads to a change of Renep, i.e., coefficient

C.

The existing experimental data were insufficient for working out a reliable

method of calculating C., when taking roughness into account. The works along this

line do not consider the decisive influence of initial turbulence on the dependence

of C., (Re'. A rough estimate of the influence of roughness can be obtarined by

-39-
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calculating the depth of pulse losses at the trailing edges for various roughness.*

Another method, developed by G. A. Zal'f, involves the use of formula (23) for

a zone of raised roughness. By substituting Re., Cb'k E into equation (15), we 0

obtain:

(241)

where coefficient C is determined according to cascade tests for one roughness.

Depending upon E0 and aO, the following values of coefficient C are obtained:0i
C 200-.500.

In conclusion, let us note that for large negative pressure gradients, which

cause a reverse transition of the t,,rbulent regime into the laminar regime, the region

of raised roughness (the region of independence of C.P on Re,) can gradually transfer

into the laminar zone.

The calculations with the given formulas; and also the experimentkol cascade

characteristics, which are included in the atlas and standards, do not consider the

influence of nonuniformity of the velocity field with respect to height on tip losses.

Experiments have indicated that the influence of nonuniformity essentially de-

ponds on the character (stncture) of the nonuniformity. The appropriate corrections

can be made only after accumulating the necessary experimental data.

§ 5. NOZZLE CASCADES OF LOW HEIGHT

The new cascades that are li3ted in the atlas and in the standards, as shown

above, hav small profile losses (1.5 to 3.0% 'or reaction cascades, and 3.5 to 5%

for action (impulse) moving cascades (with low flow turbulence and little roughness).

However, for low heights a decisive value is obtained by the tip losses, which

reach large magnitudes in cascades that are made from well streamlined profiles.

Further improvement of the profiles of nozzle cascades for decreasing tip losses does

not lend to perceptible results. Consideeirng that for low blade heights the flow in

an annular cascade has a clearly expressed three-dimensional structure, for decreasing

the tip losses one should resort three-dimensional designing of vane channels.

• lh, Investigation of the influence of roughness, on cascade losses was the sub-
ject of n pnper by G. Y. Stepanov, G. A. Zal'f, Shpeydel', and A. S. Laskin.

(



For decreasing the tip losses in convergent channels, it is necezsary to lower

the velocities on sections of maximum channel curvature, where secondary flows are

) intensly developed, and tc ensure the most convergent motion in the slanting shear,

which promotes thinning of the boundary layers on the back of the profile and also

on the upwer and lower walls of the channel.

This pr, blem is solved by means of designing channels with respect to height

(in the mertdio.'al plane). Various means of designing channels with respect to

height are possibli: a) symmetric contraction, which can be carried out with recti-

linear [3] or curviltnear bevels; b) asymmetric contraction, which also is done with

rectilinear or curvilinetr generatrices [22]; c) designing that ensure motion on a

hyperboloid of rotation foi the purpose of equalizing the pressures in the peripheral

problem connected with decreasinr the tip losses are unsolved.

Contraction that is symmetric vith respect to height does not make it possible

to decrease the difference in height re'actions, and the decrease in tip losses is

insufficient in this case, since in an arLular nozzle cascade the distribution of

losses with respect to height is asymmetric.

Asymmetric contraction makes it possible ti solve both problems: decrease the

tip losses and decrease the radial pressure gradieat. The optimum form of'contraction

essentially depends on the basic geometric (0, d/b, sh&oe of profile, pitch and

blade angle) and performance parameters of the stage.

Some results of an experimental investigation of regulhr and annular cascades

with asymmetric contraction are examined below.

Figure 15a represents loss-distribution curves, with respect to height, of

regular reaction cascades and annular ones having cylindrical contours with a MEI

TC-2A profile. In the regular cascade (curve 1) the regions of increased losses are

arranged symmetrically with respect to height and the local loss factors in the zone

of secondary flows are identical for the two regions. In the annular cascade (curve 2)

we find the asymmetric arrangement of eddy regions, whereby the losses In the root

areas are es.entially higher than in the peripheral areas. The total losses in the

annular cascade are increased as compared to the regular cascade.

Filure 15b presents the distribution of losses with respect to the height of n

regular cas ade w-h different types of upper contours. A comparison of the loss

copfficients indicates that the best resuilts are obtained with the introduction of

rontraction In the zone of the slanting shear (variant 4), i.e., in the region

-41



located behind the most curvilinear section of the channel.

45 141e -M;
a- a

45 b SN aa) C J ma'.,
b)

Fig. 15. Loss distribution in annular and regular
reaction cascades: a - in regular cascade I and
in annular cascade with cylindrical contours 2;
b - the same, in regular cascade with various
,upper contours.

As compared to the cascade that has rectilinear contours (variant 1), the lcss

distributlon in the cascade with contraction essentially changes: at the profiled

wall, the losses are kept practically constant (or increase very insignificantly),

and at the opposite straight wall, they sharply decrease. A certain lowering of

loss factors ir also noted in the mid-sections of the charnel, which is a result of

ircreasing the convergence of the slanting shear. The introduction of sharp contrac-

tion (varitns 2) or, conversely, making the upper ccntour very sloping (variant 3),

does not provide a very noticeable decrease in losses.

The ol.,ained results - a considerable decrease of losses in a nozzle cascade of

low height with asymmetric contraction at the exit area - are easily explained by

che graphs of pressure distribution along the profile (Fig. 16a). With the introduc-

tion of contraction, the pressure coefficients in all points of the profile, except

the regAonzi adjacent to the trailing edge, increase, which indicates a decrease of

velocie.lttc in the channel. Especially essential is the fact that the decreas of

velocities occurs in the most curvilinear part of the channel, where the secondary

flow:: nr, Intensely developed. In accordance with this, there is a decrease in the

dlifference ..)f oressures between the concave and the convel surfaces. Thus, in the

sectlon r -- o.4 and T = 0.7 the pressui, difference* is - = PBor "" 0 - 0.5 =

0.60 f q.2 n cascade with straight walls; after including contre.ction, this difference

wlerc, and subsequontly the pressure coefficients p" are determined by the follow~ng,
rin,'a: f~ [(p, - p,)/(plc]/2)]: where p, is the pressure at a point on the pro-

i l.:; ui, , nd c err the pressure, density, and velocity behind the cascado. (
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will decrease to 2 W 1.12 - 0.8 - 0.32, i.e., by two times.

leok of pmU a .we mrt"*

Fig. 16. Change of pressure distributicn along a pro-
file and losses for two kinds of upper contours of a
reaction cascade: a) pressure curves along profile
and upper profiled wall: I - straight upper wall, II -
profiled upper wall: - - - calculation according
to the channel method; b) dependence of losses on b/L
for tro kinds of contours; I - for a straight upper
wall, 2 - for a profiled upper wall.

At the same time, if in the cascade without contraction we observe maximum

longitudinal pressure gradients at the entrance sections of the back (pointg 8 and 9),

and the pressure gradients then ply decrease, in the cascade with contlction

the greatest longitudinal pressure gradients are folind at the exit section of the

back (points 3-5) and the concave surface (points 17-20). In a sharply convergent

flow, the thickness of the boundary layers on the profile contours and on the end

walls of the channel is decreased, which leads to a lowering in the intensity of the

secondary flows.

Let us also note onp more feature of the pressure curves: in the cascade with

contrtcti-n, the points of the pressure minimum are somewhat displaced along the flow,

so that the extent of the diffuser section and the pressure gradients in it decrease

somewhat for these reasons, in the cascade with contraction, not only are the tip

losses reduced, but also the profile losses.

Thus, the introduction of contrtction at the exit section of the channel in-

ccases the converpence of the flow in the slanting sheer, decreases ihe ve . 'ci .
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in the bend, shortens the length of the diffuser section, and consequently, the total

cascade losses. The loss coefficient curves presented in Fig. 16b distinctly show

that the advantage of cascades with contraction is especially great for low relative

heights.)

The effectiveness of contraction is increased in annular cascades. In this

case the introduction of contraction not only lowers the losses, but also equalizes

the velocity field in the exit section, since the losses in the root sections (where

1 in the usual annular cascades is higher) decrease more intensely. Equalization of

the velocity field has a favorable effect on the flow around a moving cascade.

In returning to the question of the rational form of contraction, let us note

that the effectiveness of a nozzle cascade is influenced not only by the form of the

upper contour, but also by the relative contraction, which is characterized by the

quantity A.0  I The results of corresponding experiments are given in

Fi;. 17b. Here it is distinctly shown that the optimum values of b 0 depend on the

cascade height, I.e., absolute contraction varies as cascade height varies.

It should be noted that the curves in Fig. 17b, which characterize the decrease

of losses in a cascade with contraction as a function of AEO" are flat. Consequently,

depending upon the design parameters of the stage under construction and the tech-

nological factors, the value of LN0 may be modified in sufficiently wide limits.

Let us note that the length of the upper profiled wall of the channel is increased

as compared to an ordinary cascade that has cylindrical cor.tours. For this reason,

the loss factors at the profiled wall practically do not change, and in certain

cases they oven increase. Consequently, too much contraction leads to an enlarged

surface of friction and corresponding losses.

Te shape of the contraction curve can be selected on the basis of a calculation

of' potentiol flow in the channel.

For this purpose we used the channel method (38] and considered the curvature

of the flow lines in the merldional plane, and also the curvature of the flow lines

n lonjg the oquIpotentia] lines. By assigning the shape of the upper contour, it is

simple to find the pressure distribution along the profile, along the upper and lower

surfaces, and PstablIsh how close the pressure profiles are !- optimum. The results

of eorre:-ponding calculations for a straight TC-2A cascade for T. = 0.35 are com-

par(,d with the experimental data in Fig. 16a. It is possible to note a satisfactory

eonvert,,enoo of' the oaleulation with the experiment.
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Fig. i7. Influence of asymmetric contraction
on losses in a reaction cascade: a- dia-
gram of channel with conditionally desi nated
dimensions; b -decrease of losses in cascade
with asymmetric contraction; c - influence of
Mi number on losses and discharge coefficient
for different shapes of upper contour; d -
corrections that consider the inlet angle of
flow in a cascade with a diffuser entrance for
various overlaps.

With the channel method it is also possible to obtain an approximate formulai

for calculating the radius of curvature of the upper contour:

ltere r is the radius of curvature of the upper contoir (Fig. i7a);

Li 1: t, h cx ×III h,9t of' the cas-cade;

0 = -.is the cascade flare;

o. is the c utlct angle of the flow.
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The main jproblem concerns the selection of 1rationil pre'.sure prqfi2es along

the blad coatour; alon the Juppe (pfled adth lower witthe tack 'S

is necessary to -provide a, convergent -flow with, -maximum negatii pressure gradients

In t l," ed-It portion (see -Fg. 41-). On the profiled- walls jnd the lower walls the

pressure ,distributibn shoi ld be 2,onverg.int with gadualy decreasing pressure grad-

t ients toward the, trilingedges in order to ensure a unif, omfield of ;static pressures-

'at the cascade exit. 1
'For -providin" a. convergent,%ILow along the upper profkiled--contour, it is necessary

to bevel the shroud at an angle of y = 3 60 (see Fig. i7a) ;at the channel exit,
where thle, diffuser sec;ton is -most probable ,(see Fig. 16,),. tSmaer -values of-y7

Dra6to w..elded diaphragms, and lhrge-rrbles refer to gang- milled diaphrams .

.The shape of the channels in the meridional plane depends on the basic geometric

parameters of the stage, In particular onthe ratios 6, and d/o (or i/b), since th-

introduction of asymmetric contraction leads toa redistribution of static pressure
S around the #adi,; behind the cascade, i.e., tO a c-hange in the distribution of the,

reaction;

Depending upon the indicated parameters, not only the shape of the upper con-

tour changes, but also the lower one. in particular, at -certain values of d/b and

i/b it is necessary to profile the inner l6wer 6ontour so that the reaction in the

root sedtion is not less than reaction at ;the vertex. Here it should: be noted that

with the application of' coi'traction, the magnitude of optimum chord of the profile

will be larger than for stages with cylindrical cont6urs.-

By incieasing the chord and keeping the relative pitch tt & t/b and absolute

thickness of the trailing edge constant, it is possible to lower edge losses in 'the

stage, d nc the tip losses will change less. significantly with the corresponding

change of' the contraction profile.

The application of asymmetric contrAction in intermediate stages can lead to a

sharp increase of overlap at the ehtranbe to a nozzle cascade, whose entrance height,

1: (see Fig. 17a) is essentially larger -than its exit height Z. In these cases the

nozzle cascode should have a diffuser at its entrance as shown in Fig. 17a by the

dotted lino. In this case the entrance height 101 is selected smaller than I.,

w whereby the difference in heights Z0 and - the exit height of the moving cascade

of the proeeding stage - should be within limits which ensure maximum utilization of

kinetic energy at the exit.

Investigations of nozzle cascades of intermediate stages with a diffuser entrance
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I zn static conditions- showeid that the introduiction. of -a diffuser 'has little influence

on the ~contraction effect in the slanting shear when calculating the inlet angles

of -flow!, ir 66eults, of co-rrespsoding_ exp ijhents are shown in Fig. 17a~.

f Thie change of total losses, depending upon the )jf1 number, for variants i -and 2,

feiins practically identical In a cascade-with- cy1inidrical generatrices (variant-3

the losses increase essentiially.

The ihfluencR of ihn overlap at the entrance to~ the nozzle cascade, = V'r-&&
- j I s shown in Fig, 17d.- -The RdvAntig~s 6f a 4cascide .with a. diffuser entrai e

2
and asymnmetiid contraction -at its exit -are retained in t~he----------- inlet- tangles

a0 : '05 i±OO.

Thus, with'the use of nozzle cascades with a more coiplicated shape of the

upper contour, the problem of increasing theefficiency of the interwidiate stages

maybe 'solved with low blade- heights.

For an estimate of -the -tottAl losses in MI~T~Istraight no'Zzlet'cascades with

optimum contraction,, depending upon height, the following formula may be used:.

= ~,,+ O.75bl11, ( 25)

which is valid for Mi hti -ters 6 0. 70- to, 0.9 and. Re1 humbersk 4i

Prof-ile losses C'pcan be taken from the sta:dards cr the atlas of profiles. T
By a~lyng ;-metri coitrctin. for stages with short blades, the -ptmu

dimensions of the chaninel in the meridional -planfe should be selected in ~accordanc6

with the data shdwn~ in Pig. 17b -and d. Asymmetric contraction is Applicable for any

profile given in the standards, and also for obsolbte profiles with rectilinear

sections on the back. Nozlzle7 cascades -of gro'ip. "B" sli6uld also be manufactured withT

* Asyrmn~tric contraction, since .the advantage -of cascades with such upper contours is

also retained fbr low supersonic velocities (1 s 1.2).

In cascades with asymmetric contraction the area of the exit section is In-

crea~sed. This increase is considered in the theimal analysis (see Chapter IV).

The discharge coefficients, referred to the- actual areaF, coincide with the

corresponding values of ± for a cascade with cylindrical -contours--(see Fig. 17c).

§ 6. MOVING. CASCADE6 OF LOW HEIGHT

With low relative heights of moving blades, the continuously-convergent flow in
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IIchannels of action cascades does. not insure rinium~ tip anhd .total 1oses

As -shown by the experiments- of Kh., fippeilt [21.arid.1ater.ihe. -6ierifehts, -at

'TI [3), the lcss:s due to secondary flows in curv...inear channelIs an& in baescades J

of low height d6 hot ' tain their mihimuin in: a contfiubasly cqonivegn 41-1ifth

deflection in the channel is-gieat and the static pyfue atetacead4i

- ire close'(aclior, cascides) -

The results of these investigati6nq show- that the 'orgahizatpn- 0 oi- 4ivergpnt-

conivergent flow In -the -V7~ie dhanels of Wctidn cisciad"s with, lige Oeflebct s

4i_ 1800 + p)leads to a reductioni of _tiP :Los ses

it It s possible to indicate Vai-ious meth6ds:f -co'-ist~t!-tlng Kcascade- proAiles i44ich
- i ~s~le: to cxeate special- typs

6tythe gpoie, rehi ree. In fr-codtio -. ft V o-ieioa -flwsf ,

byitounoofiatoso heoiia profiles or low rltv heights. Ii
-Fotr thot ich cosructon-4e l ofato c-ascde of low -h i hatrd soling -

-:the ners Prole, with 'snsar y- teg o for onctioyZ selc then ional velowit pfrofl

possiblae, whiche woueld ese priimum iprditoa losses.qostucin-!

I intr siple nid tio n orethell prve'i thrtfthes n&r vloc hits.iil eens

Yhe basi teoretica consmterscio of actoascade adanl o iitw highaftie he ight

thp invese pn-rodnblem mu~~lcty~~f, it is necessary.- cefyslc h ntociry poutian

fo-n of batone which worodenide m inimum tip s e o ifrn~~mt~

t Iniiaplet hoia profils sletedfo the initin weelct porofi of pendion

:1 and TP-3A. Theirebric har teris tipcae givnd min ale 6-1.s-r--,6t-V e g

ptpL.sro n-fiwhc-d eein tende frUumpotrflow hits wee obtaindy m~any-u of

ivcutng heo accave uraeisuch o an manerisonta tud the ae hae was ro

Thverg inithel profilens andecten ovrge The bak of we e prlsofl as kept

cacae -'o susncvlcte hc -eedvloe . E-,T-A P1,T-A

Ij
----------



Figike- i8a uihows two _profile_§s: an- initial one (7I-24) and one wiith a 6iffuser

sectionat the entrance-(Tp-4i).. The imot -characteristic diimensions -of th~e channe~x

ate, given. there: width at the entda& (oftwidth if - eiton of the channhel0 .(pm), and %width of the throat area at the exkit ().I

tK
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Fig. 18; 'Action cascade with -diftutser section. of
channel at entrane: 'a - cascad -r6 ies; b-Ipressure,-distribution along profilel I.with variousdivergence at entrance; I±- cascaditwt ' h cohtiit-6us lyconvarging channels (,-~ ."ti"2 - c I
6ade with diveiging-conVerging channel 1~ .08);
3 - the, same, f~~r 1 .23,4 !HI e.koeiriments wIftb.
4f3i 250; M2  'I 0.; - -2A pro~jule; --

'rP-2AH.

Cascades of the initial profiles are- &naracterizel by the relations m a~ m <

and ii Fa > 1. The new cascades (group "Ax"') have diffuser channels at thjnrac.

i.e.. they are characterized by the relations 9.> I and 1 .

(m
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A :t++  it should be noted that a change in pitch iiid',a gle of inhidence "eadO to a

j chanLge ir the, charactoristic secti6ns of the; cnannel anid their relitions 53 and ii"

For certain values of pitch : ahd angle of incidefnt,4 the 'initial profilds of
group "A" (Table i) a1so form divergent-convergent channels Hoever, as a rule,0

this does not -ensurb optimum-ccnvergence at the entrance, and in many cases it -does

.not dvoen ensure the necd~sary Outl'it arkles of flow that are specified-by the; thermal

,calculation of pitch. Furthermore, with a deviation fi opti=lmpitch, the cascade Y
,]osses can increase.

Static tsts were co ducted:on cascades for differart heights and-relations of

a and i, for varying pitch and- angles of incidence, and for overlap (A 3 -Mm).d.

The lidits of variatibn of characteristics of cascades in group "Ax" are shown in

Table 5. §

Table, 5. Basic Geometric- Charadteristics of Action
Lattic-s of-roup " -for Lo!,- .Relativ .-,--hts

rfi tiii o ;ll .l - I+ r

TP-OAx 0.65-0.8 71-)5-1. 17-28

T-IAK: 0.S6--0.72 .5-79 I.00-4.38 1.15-1.50 22-32,
,TP-2Ax 0.56-9.68 74-79 1.00-1.15 I.O5-1. 26-37,
TP-3AX F 1.051;54 I00 - .- 29

the velocity fteldaof t.he fl6w at +the entr6nce to the cascade being investigated

-was nonunif-orm with iespect to height, Lsinde the ,boundar .layer was. Qt' -drawn,-off

froia the flat walls of the-delivery nozzle. The thickness of the layer at the entrand&

to the cascade varied depending up6fi the conditions and reached 5 2 to 3 mm, +which

corresponded to a nohuniformity* of 5 A- to, 0.12.

The advantages 'of divergent-convergent channels at small relative heights are

confirmed by an ekperiment. Figure i8b gives pressure profiles for channeis, 6f TP-2A

cascades of various -hapes, An essential change cf the pressure profile may 'be hced

-as the divergence at the entrance is increased. In a continuously convergent channel
= 0.98') the flow along- the back is convergent to pqonts (6 5); from point 5 to

the trailing edge there is & iegion of divergent flow. On the"entire

*It is possible to consider that the -test conditions of cascades with a constant
absolute overlap ,and variable nonuniformity of velocity field with respect to height
at the entrance are most similar to thie actual conditions'of flow around a movingd
cascade in a stage. As a rule, the 6verlap in all high-pressure stages is practically
identical, and the norsuniformity of the velocity field with respect to height varies
with the height.
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extent of the--concave surface the motion is convergent.

L channels with,a diverging entrance flow along the enta'r ection of _ *

the- back (po4nts 12-10) is also convergent.

in the diverg*ng section of , z'hanrel for the relation i 1.08, the pressure

aldnG the back (]ints '10-7) remains practically constant, and then, :after point 7,

'it drops to point 3-2. As ,a result ok this, the diftase section in the slanting

shear o -the.,back of the profile is sharply iedtced (the point of the pressuri Aini .

mum is essitially displaced through the flow). For a blade height of 2 1.17 of

a cascade of TP-2A profiles, the divergence a- - 1.08 blose to optimum; the total

cascade losses in this cane will be minimum. ,

fA further increase o;L divergence at the entrance (m = 1.23) leads to thi, appear-

ance of- .a diffuser section on the back of' the .profile (points 9-7) with a sulsequent

sharp accelerati6n 6 flow.. he cascade losses increase.

Thus,, it is possible, to note that diffuser sections on-the back of a profile,

(for calculation-'ofIinlet angles .i) are imdeiirab3e' both for'profiles of group "A,"

and a3Eo for profiles of gr&cap "AK." However, iressure distribution along the

back for short cascades, when calculaiib1& anglbs.i, should- be more -continuous and
C

have smaller- pressure gradients.

Ahalysis, of the pressure distribution on, the concave surface .of a, profile shows

that for the 'case of minimum cascade iosses' (i m 1.08) the pressure gradient varies

very little up to the maximum section of the channel (points: 14 to 18) and then

'shar ly drops. Pressuie distribution on, the back--afid concave, -surface, -of -a. prof-1e i-

confirms that the velocities on the section of intense -deflection of flow are '

decreased.

Thus, an anaLysis of the pressure profile makes it possible topoint out 'the

causes leading to a 16wering of tip losses in cascades with -diveigent-convergent

channels. There are three causes of this:

) -deflection 'f the flow in, the vane 6hannel' takes place at a lower average

velocity. Consequenrtly,, kth, transverse presisure gradient and the intensity of leak-

age from the concave to the convex surface 'along, the end walls ,are decreased; ,

2) at th- exit section of the back, where the secondary currents 'are intensified,

'the flow'becomes more convergent, i.e., the longitudinal pressure gradients increase

here;

3) the bxtent of the diffuser section on the back in the slanting shear is

reduced since the point of the pressure ni',iimum is displaced through the flow.
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11s can be seen from Fig. 19a the absoluteyvalues, of, the, loss factors: In cascade>

with divergent-converF.eht dhannels decrease, and, which is no less IMportant, the

dlstribution rof Iocz . .th respect to height become -.more uniform. (
Figure 19b represents the dependence of the coefficient of total losses in

cascades of profiles TP-i and TP-A.(ia - 1.5 )4 on relative blade height l2**

7 -As can be-seen 'froin the graph, for ,blad&

S|-"--"--" I " heights -2 (2.86 tielosses in the TP-4AjK

7P-A4,-2i 115.H 3 81cascade arc; less than in the TP-1'A one,
- TP-.M. , . whereby .the difference of AC incease

"- "-with the blade-height decreases.

Onlyf when T2 a; 2.86 '(slee point A on,

-''- (p,-3r "Fig. 19a) is the "lP-IA cascade char&ter-.

SU'" 11' b): U 1. i. Ized by .smiller losses, whereby the pro-

ei losses in the cascade with continu-

j 7PM(*:9Jously cohv~rging channels is appfoxiiately
:_,_ ! - ' ,- -- .i ___r _ " -o )I ... Iless .,

- ____By sdlecting an optimum relation of
II

-m for each blade. height, for cascades

-) " r -of group " as compared to group "A,"

* Fig. i9. Losses in -action cascades it is possible to obtain fewer losses .in
with divergent-convergent dhannels:
a -T change of total-losses depending on a wide range of 12 "
degree of divergence of entrance section;

b -the same' depehding upon heighi for It ,is necessary to consider that the
two values of am limiting- height that. -determines- the- -region

of use 'of .ascades -6f group "A," which is 6hown ii, Fig. 19a for am const, depends

on the deflectidn of flow in the cascade &.,

A decrease of the inlet angle of flow 0i and a corresponding increase in the

defiection of floW-in the channel bp leads to a more',significant lowering of losses

in divergent-convergent-channels as compared to convergent ones. The loss minimum,

as the divergence of the channel at the entrance is increased, is displaced toward.

smaller

T11he data presented in Fig. 19b indicates the presence'of -optlm 'divergence for

-a cascade that is designed -for specific operating conditions (M2, A) and has specific

*The rt-lation F t,.5 is optimum for a relative height of r -1.
-m

* Aialolgous dependences where also obtain-d for profiles TP-OAx, TP-2Ax, and
T)'-3AR.
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geometrie- parameters. The, quaniti-ty -~ 0  ;mAin.'y depends on the cascide heiight. The

results of corresponding ivtgaonarshown In kig. 20ii.

With the decrease of height, the optinium value. of am ornT'j which corres~n&6 _to6
ziniimii; los-ses, increases and r:chsmaxlium at 12 0.6. In cascades of- lower

height, 6ptimzm divergence- decreases,-

- - 7,-Mg and' at. very;low heights (1 ( 0. )
obviously, the channels should be ,con-

It is possible to cons-ider that at

01, extremel,-16w irelative heights secondary

flows do not develop in the- channel -and

U45 ~ S US f4 f the effect of curvature -is exhilited-

~7-Aonly in. the formation of diffuser regions,,
TP-AKi-I9)on, the concave and convex surfaces, i.e.,

TP~IA -' . in a nonunifriii elocity 'distributioni.

The o~rganization of "converg~fit flow in

MIA such a curvilinear 'Channel promotes -a

lowering of~losses.

;PjE~iftS)~~ f T~A~=~5) ndFor the biggest 4eflc tion,-.wic

15 2 ' 5'~is ensured by the TP-OA cascade, opti-
b) -mum divergence is about 2,

Fig. 'C Charactbristicsofato a- adorheT bxcsd,'eades -d -wthieren convergent channels, o h 4~K ... '~rrI
a ~ ~ ~ ~ ~ ~ ~ .-4:a:lsesi PilL eedn 1.06 at a relative height of, Y 1.47. f'Upon degree -of divergence am and rela-

tive height 'T, (-- urve for opti- TP-lWi and 't?-2A,' casc ades, correspondingly

alue ofi.~; h efect'of~inet occlpy an intermediate position.
angle-p'j on losses in don~Vergent anid di-4

vergeiit convergent cascades.. Investig4pion, of the influeneed
another' impor.tant geometric- parameter -

relative pit.ch - on ~the effectiveness of cascades of group "Ai(," showed that the

dependencb curve of' ,C(l') for' all cascades is sufficiently-'flat. The d76rresponding

values of E I are shnkn iii Table 5.,

As already noted aove, hs~'pitch varies, the geometric divergence of'the entrance

section of the channel also vaies. 'kowfever, a small deviation of the relation
am

fromn the optimum value does not lead to an essential change ~of' losses.

The influence of performance par6Aeters on the effectiveness of cascades of

group 'AU" mnay be estimated by mieans of the graphs in Fig. 20b, which 'gives the
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curves of" change of total. losses In cascades of group "Am" and "A,"' depeniding upon

'the Inlet angle of flow 13and. the M4 number. Here we distinctly see two importantf

peuiarities of the low around these cascades at variable inlet angles; a) in a

vsfi~ety'ide xrge of variation of~i: ± (10 to i5P) 4he czascade losses vary

insignificzuitly; .1) he optimum inlet angles for cascades of the new group, as coma-4 pred to grbup "A,"' -deieiase, whicha is- explained by the decreasi -of the Inlet skeJ.itqn. I
angle of th6 profile 'due -toundetcuttink of the concave surface.

The influence ,of compressibility (M niufdber)on losses in cascades of the two
Igr. being ::rnnar-d -in ybe estimated by means of experirnental- daa As the j

somewhat. However, withih the lmtof thfe entire region of ve tain

difference' remains significant. This; served, as -a basis for checking ,the ~possibility

j-of maI(*ng 6f'actiofi casci~des of grou~p l'B! for trahson!'h velocities (0.95 <if <

< 1. with divergent-c~hvergent channels. A cqomparison of two'types of cascades,

"B" and "Bx," shows that even at low supersonia velocities at the entrance, theI

diffuser entrance se~tions .5f -the channels have, ' avorable effect on the losses.

An exoerimental check was' also made for the '6utlet od flow for cezit~in types

Pof cascadesp of group "Axv.!"- As showni by the experiment, the mean angles- of outlet

fr-om two types of ~casc'ides Arie similar and satisfactorily coincide with the~ oneg

calculated by-the formuila

Of considerable Interest is the 'pbssibility of a calculated determinattoiof

Up lossi~ ascades with divrnt-onver'nt chnes' Acorsodn check

shwd ha hecef- ofe~t6 tio,3,o1:1 inajb de ie zc3esodn

ofadifse ecinat ;the entran6e. to-ecane ed to an earlier transition

ofth lmnd~rgieto the ubln rgmi connection with which, for 6 scades

of rou "At" hecoetficient A should be taken' as equal ~to 0.13, which corresponds

to a purely turbulent Plow at',the end walls.

I,'or Poeff icient 11, on the basis of the expei'iments conducted, .a value is obtS'itiedA

that -Is clos;e to 'unity (B13 ),. while in action cascades oll series; "A" this value

amounted I:o 1.9.
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§ 7. NOZZLE CASCADES FOR TRANSONIC: AND SUPERSONIC VELOCITIES -

dptmum profile and channel shapes, as shown above, vary for transonic and

especially for supersonic velocities. The nozzle-type reaction cascades for transonic

velocities of group "B" irisinificantly differ from the cascades- of group "A." La

accordance with the experimental data, the main distinctionf consists in that the

back of the profile in the slanting shear of these cascades is rectilinear. Conse-

quently, the reaction cascsdes of group cB"-can be obtained by means Of deformation

of the exit section of aprifile of group "A." As a result of this deformecLon,

the curvature of the concave surface decreases, and the back in the slanting shear

becomes rectilinear (see Fig. 2). Any profile of the reaction cascades of group "A'W ' I

can be rbconstructed& -i such, a way, where the shape of the channel in the zone of

narrow cross section, and consequently also the curvature of the concave surface,

are determined -by means of cal6ulation according to, the channel method (§ 2)'. The

back is made rectilinear from the narrow cross section (the point of tangency of the-

curvilinear section with the ieqtilinear section is recessed somewhat into ihe depth---

of the ochannel). The pressure distribution along the back in the slanting shear, is

calculated by the -hethod of characteristics for M 1. Corresponding methods of i

calculation are' shown in [22, 30]. Nozzle cascades of group "B" are used for veloci-!!

ties -of'0.9-< M1 < 1.25.

The expediency of making rectilinear sections 6h the back in the slanting shear !

is :necessitated, by the fact that at iigh velocities the overexpansion of flow in

the slanting iear will be-'sidailer. In- accordance with this, the- intensity: of -the L

resulting shocks is lowered and the probability of boundary layer separation is

decreased. [
For an estimate of the losses and, outiet angles of flow in nozzle cascades of I

group "B, " dthe :curves presented in Fig. 21a 'and b may be' used. Here for cascades ofCnA tg a IA

the type TCXA and TC-B, generalized curves of corrections - and tgW are

aven as functions of Mi number, which rare suitable fo" -all cascades of 'this group.,

the, profiles 'of which are obtained by means -of deforming the initial profiles of

group "A."

Nozzle cascades for high supersonic velocities (M, > 1.2) are manufactured in

three typer: with converging channels and concave back in slanting shear (see Fig. 2b

with slighf Ly diverging channels and concave back in slanting shear (see Fig. ?c'),,

-rd w'i I, (11v,'rp,,ing channels (see Fig. 2d).

( )
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Fig.- 2i. Generalized c orrectiots that- coon-t
sider the influece is of compressaibil ooty (Iin
number) on -profilelosses and out bsm angles

of low- in cascades, of. groups "All so-d spB"t:
- a " relative mnci-ease of profile Iosses- in

cascades of group '"P beac relative increase
of outlet angle in casct.otaof tegroup "A."'

heIc'the Vane 6hannel 6fe a cae6de is convesgent before the narpw section, a fown

the sdbk in the slanting shear is calculated accordig to thi method of characteristics.

in such a S y so that along the back there isno overexpassion cf flow, then in this

6ascadh, the, ,e reay losses at supersonic velocities will be small due to the smalr
intensIt o 31focks,.,and also because -the reflected shock does -not -lead tseparatiifi.

Act.uall, the, calculated M number is reached in the slanting shear, whose ,cross

setruios are increased along the flow, owing to the concave shape ofthe bask. Since

the- concaVe back annihilates reflected expansion wav'es, the overexpansion of'flow in-

the sloin shear is small, anga correspondingly, the intensity of the resulting

shocks is small., At, the same time, the function -of the reverse concavity on the

back; il.e., to decrease the -angle between' the velocity vector behind the shock and

tangent to the back of the-profile, is to debrease the danger of separation of' flow.

Ther6tically, the most advantageous shape ,, from the point of view of the ve~ucity.

distribution in the section behind tle cascade, is the concave back that is constructed

as a fl1ow line in the flow around an angular point (the edge of zhe pr'eceding blade).

However, wilh -this type of back, it is impossible- to coi~truct i.- one-dimensional

Ifcascade of1 profiles, since the angle of formation of the trailing edge is negative.

(,)
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Consequbntly, an inportant probl6m when shaping the back of .a blade in the

slanting shear of a cascade with convergent channels is to provide a design angle of

'the trailing edge (I to 20). As experiments show, the region of intense growth of

losses-extends to higher Mi numbets if the back Of the profile in the slanting shear

is convex-concave.

-'Figure 22 shows one of the variants of' constructing the back in the ,slanting

shear with help of a diagram of characteristics. The calculated M number for the

,cascade' is M i. The methqd 6 constructing the flow spectrum is the fo gowing:

i) the sonic line is straight in the narrdw-cross section a.; 2) in an angular point

there appears an expansion wave in which the flow is expanded from M = I to M

3) the back on the initial section is convex, and then some 'of' the expansion waves

are annihilated by turning the wall. The ,angle between the, tangent to the back at

00the point of deletion and the tangent to the back on the trailing edge is I td 20

less than 'the angle between the tangent to back in the narrow cross ,section of the

channel and thetangent to the blck at the, point'of deflec tion. This attains a

positive angle of edge-formation. Figure 22b shows the consecutive change of dimen-

sionless. velocIty* Xi in the transition through the ciaracteristics in the diagram

of characte Jistics.

However; the actual pattern of the flow in the slanting shear differs: ffom that

constructed by the method of characteristics. 'Overexpansion on the back does not

reach the magnitudes which were obtained by balculation with the method of charac-

tbristics'; Treatment of the results of ,the investigation of A large number of nozzle

cascades made it p9ssble to determine. -the maximum 'M max number on 'the back in the,

blanting ,shear, deperiding 6n the calculated M, 'number (Fig. 23)'. Vie quantity

Mi max may be- 4etermined ,by" the approximate formula

M1 ,. = O,9MI3 -(- (0,25 "0,35), (27')

which is suitable for the interval of numbers i.O < MD < 2.

After reaching a velocity corresponding to Mi max' on the back there appears an

oblique shock.

'here md subscquentiy, X = C. is the dimensionless velocity (velocity of flow

refered- t.o stnlltng velocity).

(-)
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Fig. 22. Supersonic nozzle cascade, type TC-B,(coni-
vergent channels): a -, constru~ction of bAck~ of pro-
file in~ slanting shear; b .- determination of velocity
at different points of slaniting sihear-:acc-rigo
diagram of'characteristics. t

V............................1

'.7- -8C 011AU 41 51,,4 8M

Fig. '23. Dependence of maeximum velocities on back
in slanting shear on cal~I6lated M1  Xr mb -er
according to MEI experiments. Experimental points
of cascades (see Table 6):

For oin approximnate calculation of the back of the~ profile in the slantifig

shear of' a cascade with convergent channels, it is possible to recommend the following
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method. By assigning the size of the narrow section of the cha-nnel (a 2 ), thb effec-
a 2

tive outlet -angle of flow (a i , = arcsin and the calculated Mp number at

-' the cascade ekit, we find:

1. The maximum M, - number for-the; given M. p  is determined by formula (27).
2. The position of deflection point I (Fig. 22a)'is found by the equation

(j6rsi 6M, 6(, + I2)

where 6(MI P is the deflection bf flow during expansion from M i to 141

6(Mi max) is the deflection of flow- duing expansioi Titom M= i to Mi ma"

The obtiined, quantity is rounded off:

2d'I - 16(M,)- - 6'M, + - .). V);J.

-From' the- narrow cross section to the deflectibn point we shall construct a

straight broken-line,€onslsting of y segmentg; the' angle between these : egments

equals I0. Through the salientpoints we shalli draw acdntinuous. convex line' to

deflection point I.

3. We determine the length of -the concave part of the back:

s.= s. + . (29)

where q(Mt~ . is. the ,given flow- rate, which-corresponds to the calculated-Np

ndmber.

4. 'We shall construct aconcave,, straight, -broken line, starting from deflection

point I and goingto point II, which deteimines the length of the concave section

'S The nimber of segments of the broken' line is equal to 7 - (I' to 20), and

angle between segments is equal tol 10. Through the' salient points we shall draw, a

continuous concave line that touches the convex line at the point of deflection.

5. At the end of the concave line we draw a tangent, and after determining the

concave pitch t, by means of a and al, we construct the trailing edge of the

profile.

It should be emphasized that the design of such a cascade for high supersonic

velocities and small outlet angles of flow is difficult. When M > i.4 and a, < 130

it is necessary to use combined cascades that have slight channel expansion to the

exit section and a concave-shaped back. As the calculated-Mi p number increases,

MI P > 1, t;he minimum section and the concave portion of the back are displaced
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into the depth of the channels-. Thus, with the growth of M, > i, the role of the

divergent section of the channel increases, and that of the concave section of t he

i ~ back in- the slanting shear decreases.

For cascades: that have a calculated M. p number less than 2, the expansion

ratio of the vane'-channfel may be selected by the following MEI empirical formula:

I= I +'(o4=.6--o) )(3)

where f= - is the ratio of th Wxt section of the cnannel, to the 'minimum section.

A limiting case for nozzle cascades of group "B" is characterized by divergent,

channels and almost rectilinear sections of the' back in the slanting shear. The

back of the profile, which forms the divergent channiel, is concave (this shape

ensures the annihilation of expansion waves- in the channel). Calculation of the,

concave wall is produced by the method of characteristics; ready-made profiles of

two-dimensional -cbnvergent-divergent nozzles-can also be used.

Figure 24a and b, shows an,example of the construction of a divergent vane

channel and- profile back in a slanting shear with the help of a diagram of charac-

terlstics (for NM, p = 1.7,). Behind the narrow section, the flow along the back.

is accelerated in an expansion wave obtained by deflection of the back, and then in

a wave reflected from the concave surface of an adjacent profile. The position of

the blade edge is determined by the quantity f, which is calculated by formula (30).

Further, the flow is accelerated in an expansion wave that appears at the trailing

edge,, which is annihilated by-an appropriate,-deflecti6n of the back. 'Figure 24b

shows the consecutive transition of vector' t -hrough the corresponding points in

the diagram of characteristics. However, As already noted-above, the Mi max that is

attained on the back is less than that calculated by the method of characteristics.

At the point where the calculated JMI mak number is reached, which is calculated by

formula (2j), there appears an oblique shock. Behind this point, the back should

be-concave, which decreases the probability of separation of flow behind the shock.

Construction of the slanting shear and divergent part of a nozzle cascade is

carried out in the following way:
a

:1. According to the given values of M, p and am, and sin a, = '.(Fig. 24a)

we determine the expansion ratio of the vane channel by formula (30) and find the

size of the exit section of the channel a2 = as-f.

I'-6o-
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Fig. 24. Constructi6n, of divergent channel 6f -TC-BP-
nozzle cascade: a - calculation of exit portion of
chnnel ihd back of profile in isintrg shear;.bd-terniination,"of velocities ,at different points ,of
.the exit portion of the. channe l and in the lantihgshear .according to the d ragam ofcharacteristics.

2. From the ,tables of gas-dynamic -function's we determine, M, in-the exit

section of the divergent channel, which, corresponds to q(Mi) =.. The concave

surface of the,Vrofile,- within the limits of.the divergent portion, is rectilinear, d

and the angle between the tangents to the back in the exit sectibn 'of the divergent

channel and-in the narrow section is -

A(M)/2,

where 5(M,) is the deflection of :flow during expansion from M-= I to M

-We shall desinate the quantity 6(M,')/2; which is rounded ,off to an integer,,

by y(. Then the length of the divergent portion of the channel is

We shall connect points 0 and I (Fig. 24a) of the convex broken iine that con-

tains !y0 s'egmentsf the angle between adjacent segments of the broken line is I°.

Then we connect the angular points by a continuous line.

5. We determine the maximum Mi max number by formula (27) on the back and find

the position of the deflection point of the back:

P Sr -1 aj 1 [t-6rcsin + ()1)
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where

,we draw a tangent to the back, of the profile at point I and extend it to deflec-

tion point JI.

4. We- determine the position of point III. of the, end of the concave portibn:-

I .. ,,+ .,,, k (a n + )]'. -(3?)

We ,connect points II and III of the concave broken line by a line that-consists

of - 1 segments, -where -, is the deflection of flow during, fts expansion from N, to

Mi p; The angle between adjacent segments of the -brokeh line is seiected..as i.

5. At point III we draw a tangent to the back, and after determining cascade

pitch t with respect toa 2 andai, we construct the trailing edge, of the profile.

It should be emphasized that the divergent, portion of the chaniel between

ections a and a2 may be profiled ,by expanding ,not only the back, but also th

concave surface. This meih6d, decreases the danger of undercutting the leadifig edge

in- the direction of the back. Cascade losses are then held to a minimum (see Chapter

VIII). The bection of the-"concave' surface O,-TIi. (Fig. 24a) is,rectilinear or

convex, as, shown for section 0..I of the back. in the first case, at point 0i it iS

possible to round off to an arbitrary radius. In the donstruction of the convex

section 0-ii,-the method described above in detail is used (for section 0-I of the

back,).

It is known that at, supersonic velocities nozzle cascades with divergent chan-

hels 'are sensitive, to a change of conditions, and in- particuiar, the change of the

Mi number.

The intensity of variation of cascade losses, depending on Mi, is determined by

the ge6etric parameters of .the cascade and ,mainly by the shape of the vane channel.

Thus, for instance, if dascadds -*ith convergent channels are usuaily characterized by

smai, losses at subsonic velocities, and at Mi > I these losses sharply increase,

then or cascades with divergent channels the losses will be small only in a narrow

range of supersonic 'velocities, while for transonic velocities and at M, >> M

they attain large values.

The results or cascade tests with different expansion ratios of the vane

~-6I

' I.
!(
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channels* are shown in Fig. .5 (MEI experiment3). In these experiments, all cascades

with an eipansion ratio f > 1.O had a height of 1 = 0.135, and cascades with f " 1.0

were I = 0.28-high. The lowering of losses in uncalculated ccnditions at Mi < "I p

with a decrease of parameter!f should be considered as the most effective in the

graphs under consideration.

'2F

0 71 41 V FEW V-M

Fig. 25 Influence Of M- number aUddegree of ex-

pans i~n f: on-characteristics of nobzzle grids with
divergent chanels and straight backi in slanting
shear on: a total losses C;.b - outlet angles a,: .-MEI exp-rimyents

V--- - ; - o.4, 1.-

The intense growth of losses in such cascades witli,a decrease of Ni is explained

by the displacement of shocks in the channel to the ,throat ,area and the corresponding

exphnston of the, separation zone in the channel. With the decrease of f, the relative

displtacemecnt of shocks to the throat area will be less ihtense. The lowering of

losses at M < 0.8 to 0.9 is explained by the fact that the wave losses in th~e cascade

are docresrnod.and tho shocks near the throat area do not cause separation.

)(The dtiLa presented in Fig. '25 pertain to obsolete supersonic cascades that were
designed without taking into account the interference of expansion iaves in the
channel and with a rectilinear back in the slanting shear.

-63-



I o

The curve of total losses in a cascade with convergent chanhels .f 1) confirms

the intensive increase of losses when .M > ., The outlet angles of Xlow (see Fig. 25b)

also change essentially, depending upon M, and f.
detailed analysis of the curves C and a for cascades at . 1 > i, which were

designed by the aboe-indicated methods, it given below. These cascades have moderate

,losses in a-wide range of variation of, Ui.

Let us consider some of the peculiarities of the -flow of a gas in reaction

cascades at supersonic velocities. For a solution to this problem, we shall write

continuity-and-energy equations in two control sections:' narrow- (* --*), and to

infinity (I -I), behind the cascade (Fig. 26a). We shall then consider that the

parameters of flow in these sections &ite unif6rmly distributed Then

. + _,, h, (34)

Here k is the index 6f the isentropleprocess;;

P1 and p, are the pressure 'and density behind the cascade;

p*. and p are the critical pressuie and density;

a* is the' critical velocity;

6 is the defl'ction of the flow.

After substituting (33) and (34), and making 'the appr6priate conversions, we

4 obtain

- 4arcsin (I--~- 1 .(5

zero, we will obtain an ordinary Beer foimula:

6' = Prcsi (L sil a,) -,. (36)

Takirg the losses Into account, formula (36) can be written in the following

8 'rcsin sinal. a6 - ,(37)
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where,

- pe, e,

\ is the loss factor;

and qit are the .giveh flow rates for actual and Isentropic -processes;

X1 "nd-XIt are, the actual and, theoretical dimenslbnles : vzlocities. -in the
siction, -I i.

Crr

tv a

- -_wL . .

77-7

b)

Fig 2:6 Drivation of a formula-'for calculating J

the outRe.t.,ang~i of 'flow: -a -= -flow diagram:,with
designations; b -,wave losses and outlet :angles
in cascade, depending upon MI for f'=, 1.28.

Hence it fs, clear that for the given value, of Xt (Mit) the displacement of

-flow is simply connected with energy losses during expansion of flow, i.e., the

character of th& change of energy losses in varying conditions for M,,> I depends'

on the quantity

A6 - 8--'.

From- Fig. 25b it is clear that in cascades with divergent channels of the usual

type at M < MI p the outlet angle of flow is,.a a1  while with formaula (37)

It should decrease. This constancy of angles is brought about by the presence of a

slanting shear.
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We shal1 wtrite- continuity, energy, and-m~iaentum equations for tiee- control

J Isections 2.1~ I' i), and (1 -I ) ( e Fi . a)

K-0J

- _F + _Y--- 1 -

andals aave losseosa.:

'a 2a J

Tue soltio ofives yscompio of euten calaio ith an~ expderimn ortet

outlet n of -flow- a c alad ce ofit wivergn chnnel. s cnb en h: onie
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very great. Thus, a theoretical analysis shows that the outlet angle of flow from

a cascade with divergent channels in transonic conditions is larger than the resultQ obtained with formula (36). This resui , is connected with the sharp growth of losses $
in these cascades at Mi < Mi p. Cascades with f >> !, n :prlnciple, cannot effec-

tively operate -at transonic velocitieJs (see Fig. 25)-.

On the other hand, in cascades with convergent channels in supersonic conditions

there is- observed considerable overexpansion of flow on the bacK of the profile, and

an edge shock,-* as a rule, leads,*toz separation of the boundary layer. Therefore, in

cascades with convergent channelsi which operate at transonic and low supersonic

velocities, the back of the profile must be made rectilinear, and at M1  1.3- the

back should be concave. The greater the concavity of the ,back of the .pikofile, tie

higher th economy possessed by a cascade with convergent channels at h'igh M, numbers.

However,, as already indicated, such a method of designing a cascade is possible only

to MI numbers lets than i.4, siice, as the concavity of the back is increased in -the

slanting shear, the solidity of the profile decrease, and .there can occur undercutting

of the edge.

Furthermore, experiments indicate that at M1 > i.4 to: 1.5 the losses in cascades

with convergent channels and conc'ave back intensely increase in the slanting shear..

Therefore, fbr cascades designed forM > 1.4, it is expedient ,to -select a.2.-
smaller expansion ratio of the, van channel than follows from the dependence f =

= I/q(M1 p ), -and- cthe -back -of -the sprofile- in 'the slanting- 'shear 'should- -be 'made' -1

concave. This method of designiig, -dascades makes it, possible to lower the losses

at transonic velocities, since their magnitude is determined, mainly, be parameter f.

For a cascade, it is possible 'to determine two calculigted values of M, number: one

(M P )' is determined ,by taking according to the d'egreb of channel expansion, and-'the

other is determined by taking into account the concavity of' the back in a slanting

shear. The effectiveness of this cascade is sufficiently high 'in a wide range of M
numbers greater than 1.0

In accordance with what [has been presented, the turbomachinery laboratory of

thn MEI developed three groups of profiles of nozzie cascades which are designated

tor operation at-.upersonic velocities:

a) for numbers 1.3 6 Mi s I.4 (TC-B cascade);

*Diagrams oi flow spectra in cascades at high velocities and flow strmcture in
a slanting shear oehind a cascade are described in (I]. A diagram of shocks in the
slanting shear of a cascade is shown in Fig. 28a. A photograph of the flow spectrum
in a reaction cascade is presented in Fig. 'IOI.
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b)- for number- 1.4 -9 MI • 3.5 (TC-BP cascades);
i c) for numbers :1.4 :: -MI 9 5.0 (TC-P cascjkdes).

Cascades of the first ,type ,(TC-B) have cofiergent channels and concave backs

in the slhnting shear (see Fig. 2 and- Fig. 27). TC-BP cascades are characterized by

small ekpansion of the Vane channel and concavity of the back in the slanting shear;

acceieration ok the flow in this cascade to- the given Il number, in the divergent1 - part of the. channel and in the slanting shear, will be approximately identical.
TC--P ,cascades have coniderable xpansioi 6f the vane channel (f > i), in which

A there also takes place a fundamental accelerati6n dof flow, to a: M nun er that is

'close to the tcalculated number MI p IM1 < M< p ) expahsion .n the slantingshear

J is small.

Fig. 27, Shapes of profiles and-channels
of supersonic reaction cascades tested at
MEI. 'The f611owfhg designations are used:

• S - length of divergent 66ction of

ichannel; E ep- length of t.ransition see-

I "

t-on on back; SO- - length of concave

I section; S, - length of rectangular section;,

Let. us consider ce2tain results of an experimental investigation of three groups

ofo supersonic nozzle cascades under different conditions, carried out at MEI [0].
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The shapes of ,the ,profiles and channels of the test cascades are shown in Fig. 27

'and Fig. 28a.

TabDe6 gives the ,bas'ic geometric- characteristics of TC-B and TC-;.P cascades.*

Here, M is detefmined according to parameter f, •adM 1 p is determined- by

.taking into account the curvature -of the back in the slanting shear.

Table 6. Geometric Characteristics of Supersonic
Nozzle'CAscades, T_pe TC-I1P and *TC-Eu A

I' TC-IP-I 'AS 30o00' 830' 21.3 1.43 175
2 TC-1B; .2 0.703 12r45" 905' 1.0 .0 1.3
3 TC-IBP-2 0.621 29045' 8020' 1.042 .25 1.6
4 TC-IBP-2' 0.550 29045' 956' 1.10 1.48 1.6
5 TC.IBP-3t 0.745 29036' 9030' 1.00 ,0 .5

-6 TC-IDP3 0 .656 ' 29036' 1"00' 1.6 1A2 .6
7 TC.IBP-3 .0.615 290 36' 'r 15' 1.10 1.37 T ,7 -!,?
8 -TCIBP73 0,50 290 36' r0' 1.28- 1.63 1.75
9 TCOMP4 0.675 40-16' 12"20' 1.00 1.0 1.0

10 TC-2P-4 0.611 41016' 12'00' 10 1.37 2.37
12 TC-2BP-5 0.675 40' 16' 12' 30! I.00 '1.0 4,6
12 'TC-2BP-5 0.611 40° 16' 1220' 2 1.09 1.35 1.45
13 TC-21P-6 -0.615-, r3210' --1050' 1.20, 1.37 .7
14 -TC-2BP-7 0.620 '3500' 13"30' 1.06 1.28 1.6
15 TC-3BP-8, 0.715 400 ' 16 20"i 1.00 1,00, 1.4

16 TC'30P-8 0.660 40 00' 16 35" '1.05, 1.25 2.55
17 TC;3BP-8 0.583 40 00' 14' 10' 1.13 1.43 1.6
18 TC-3BP-8 0.520 '40o 00' 13"40' -1.24 1,59 1.7
19 TC-4BP.9 .0.750 48"000' '21 50' I.00, 2.00 1.3
20 TC-4BP-9- 0.698 48O' 211 10' 1.02 1.15 2.5
21 TC.4P.9 I0.621 4900' 20'01,0 1.3D1,+.m~ ~ 1sG'244o .07" 1.31 1.6
22 -TC-4BP.9 0.565 48'00, 19" 10'' 1.20 1 .53 1.65

Figurd 28 gives the results of an investigation of the influence of' the shaPe

of the 'back of a profile on the characteristics Of cascades. The profiles bf these

cascades di'ffer only the curvatuie of the contours 6f the back on the exit section

(see Fig. 28a). The pressure distrib'ition along the profile in the cascades shows

that with the growt1i of M1, "in cascade No. 9 with straight back; overexpansion of

flow increases, and in cascade No. ii'with concave back in slanting shear, -it de- 4+ +

creases. The result of this is a change of the'profile losses in these cascades.

Actually, if for cascade No. 9 at M > 1.2 the profile losces sharply increase, then

for cascade No. ii there is observed a maximum-of losses in the range of M. numbers ;

-. 2, and at MI > 1.2 the losses decrease, and their minimum is reached when

M1 P- .6.

Also of Zireat interest is the dependence of profile losses on M. number for

cat;cpdes Nr+. 10 and 12 with divergent channels. As can be seen, the losses for these

*Cascades No. 9 and No. 10, TC-2WP-4, were manufactured with rectilinear back

in slanbing shear.
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cascades -are identical In the entire investigated range of 1inumnbers. Cohosequcntly,

when M 1  .0, the cascade losses practica~y do not-dep~end on the shape of'the
chnel, ,and are determined by -parameter f.

-Here -ilso th'- inflxience of concavity of the

back at M1 >? 1:.0 is not detected. This,

specified by the fact -that the reverse

curvature in cascade No.-12 is-concentrated

shock mainly byn the divergent part -of the channel,

arnd the back is straight #- the slanting

Figure 2 9 giires the, curv~s of Profile

__ losses in cascades desigiied fors flote

angles of flow (cascadesCNo. :1 through 8).
b)For TC-1RP-1 profiles, which have concave

Fig. 28_nleceo §hp of -back backs, (cascatde No. 1), and TC-1BP -2' (cas-ad6s
-of -profile, -on-,characteritifd -of
TC-201-4 and TC-2BIP-5 cascad"4 (see Nd. 5. through 8), the doncavity of the back
Table 6): a 1 shape of back of pro
files in slahtind'shear; b -depen- attains large ma itud 1 (i%), and in pro-
dance of losses r and ofitlet angleAg .e

01 o ume n paa te ff ile TC-1BP-2 (casc'ades. No. 2.through II)

,0,_-_o cascade'No. ii fi03  the concavity is-not. great. From the con-
Y-Y-v- cakcade No. 10'( =- 1) sidered curves it Is clear that for all cas-

--a cascade No' 1'2 (f = -",091.
.cades with divergent channels th6 profile

aeconsiderably smnaller losses than in cascade No. 3 (whdii f 1.042). The reason-

icascade No. 5 the lognficesl firstnes nd rheac th eir maxi mu hntere.2t is

a Eomatisnfi sf her vet houlf entta the mxmmo losses fo cascade No. 5'no hnf=10
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is somewhat displaced ' towards higher M nunbers as compared to divergent-type cascades.

P.

0:'1 --- 4 VUV

V. - - -=: '

D ) --

a- - ---

41 41' 48 Q'-' :4 If ... 41'V -;

I!Izvz - _,.I

Fig. 29. Characteristics of s upe rs'6nic nozzle
ca'scades at small outlet angle -fl"w: -,,'a=1"

t~12 _ o ow.

-0-0o- cascade'No. 1; 4' ,-.,=A cascade Nio. 2;
--- ca 'sca -de No. 3; b - 4)-6 cascad&e

No. 5; fio cascade. N .6; --'- cascade
No. -7; v- cascade No.

Analysis of the curves shows that a,minimumi of cascade profile losses will be

attained at.M. p, which is determined taking into account the co avty of the

back of the profile in the slanting 'shear, and at MI  the losses-,become somewhat

greater., It should:be noted that in the whole range of conditions the ,effectiveness

oV, the developed cascades-is significantly higher than those presently being used in

turbine dons;truetion [30).

Pigure 30a and b, gives the characteristics of cascades with large outlet angles

of flow. The above-noted peculiarity of variation of profile losses also holds true

for these cascades. It should be noted that the length of the divergent section of

the vane channel for these cascades is considerably less than for the cascades whose

charactaristics are shown in Fig. 29. As a result, the level of losses for identical
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f under transonic conditions is lower. Of much interest is, -a bomlparison of loss

curves for cascades with f 1 .0 and f =1-.055, Which are depicted in Fig. 30a.

4 0r;

-_jI
22

-4P 0.7 48 4? fA 4f %Z V, 44 V ? V'4

V2 4_0$_fV V 4 ey ~ 4 f

cascaded at large outlet angles of flow: a
cascatde No. 15 (f =1.0); cascade No., 16 (f,=
= ±.055)j',cascade No,. 17 (f = 1.13); cascade

cascade No. 20 (f =1.02); cascade N&., 21
(f = 1.07); cascade No. 22,(-f = 1.20);, C,
change of profile, tip and total losses in cdas-
cade with f =1.0± depending upon M 'numbdr..

As can be scen, the losses in cascade No. 15 in the entire range of Mnumbers

are larger than in cascade No. i6. In cascade No. 1t5 the.'losses are piactically

constant and compose 7 to 8%. Of interest is a comparison of the~ loss curves for

it cascades No. 21 and Ho. 22 (Fig. 30b). A minimum of losses in these cascades, in

spite of the considerable difference in parameters f, is at bained at identical values

of thle Mnumiber from 1..6 to 1.7.
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Tip losses -ini cascades of tpe TC-B and TCd-P have -not yet been studied suf-

fic!ently. fAvailable experimental data show that with the in.rease of number M

-1.2 to 1.3, tip losses decrease, and then at M1 > 1.3 there is observed an intense

growth of them. I

The character of, €_hange of-total, losses in cascade TC-EP may be seen in Fig. 30c.

-Minimum values of C and :C correspond to a lower Mi number than " Consequently, i

in short supersonic cascades the expansion ratio of the channel and the shape of"the

concave back, which correspond to rated conditions, should be selected with regard

to the minimum of total losses, and-not pr6file losses.

Figures 28-30 also give the-curves of change of the outlet angles of flow fros

cascades., For cascade No. 9, at f = 1 0 (see Fig. 28b), the outlet angle of flow

will start to intbrease :when Mi > i.0,

twhereupon, if a, 12 when M1 = 1.0, when

*<M 1 =1.7 the outlet angle of flow reaches

Qt180. Such a change of the outlet angle of 4
4 -flow can considerably worsen the work of

4 - - - a stage in varying conditions. For cascades

4N "I' 15 '17with divergent -channels, the outlet angles.

Fig. 31-. Dependence ,of minimum pr6file .
losses C ip n divergent cascades.under of flow at M. <-M1 p are practically constant

siate~cnditins on angle . = arc and start to increase only at' > M' As

sin ' 1 i
a. result of this, the change of the outlet

angleg of flow in the range of M, = i.o to 1.7 is considerably smaller.

Figure, 3i shows the change of minimum profile losses in cascades at the computed

value of .M p depending upoh ange ai = arc sin --L. All experimental poihts ar6

-sqffid. nitly well grouped on one curve. The, losses- &% calculated M1  number ,at

= 8°are 7%; as, a. increases, the losses decrease, and at a. = 14 to 16' they

are '4 to 15%.

A1aiyzing the behavior of the ,characteristics of supers6nic reaction -cascades

under varying cohditions, it is necessary to establish the postion of the system of

shocks in the channel and in the slanting shear, depending ,upon the M number.

Graphs of pressure distribution (Fig. 32a), make it possible to approximately estimate

the place of location of the shocks under different conditions. The results of this

treatment of graphs of pressure distribution are given in Fig. 32b and c. Shown

there is the current position of a shock, .,x' depending upon t.he pressure ratio in

the cascade, e, pi/Po, on parameter f, and on angle a,*. The value of 7,= 0

7)
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corre~ond to liiigcniinwe Isok iapasi h it mtra

area oftecanl h orspniglmtn rsuerai sdtr.ndbte

j~~ ~ corresoons t e itingcndtion~rswhe rte. s-ho disae.ntemnmmtra

41 -

area o the hanne. The crraerinding oimitingspressrerationieerie b h
4 ~~.0 aproimd a'*ula

where=.55; V:, i. -h crtialprssreraio

po 1 ~ -

=~ the saation prendupre r a ngilte ascde.1)

Fro F1.31Fi. 32.sChacterioosts of t sup ersn creatio' h sok
leave ~ asad 'theB uhne o~ucl nderas difnt-h contiongsear i.e.t;h sm

pressure rati 300h sok intean cha80e arelse~rto e extscint-

smaller fber; In a l imi ting posio of fsc =i di (o vergent aes h ie7,E

lepavel tcaoe the dependal apnxis.~) tei-n

This result, from the physical point of view, explains the experirnentdlly found

varying dependence of losses and. outlet angle of flow on the pressure rdtio in off-

design conditions. The smaller the geometric parameter f, the smaller the, portion-71-



-of the back and conca~ve -surface of the -profile under the influence of the shock

system in off-;design condit ions-. Consequetly, thie region of initense swelling of*
thebouday layer ndloincranas ts separation-under the influence

of shocks, move through the flow, which leads to a sharp lowering of cascade losses. -
Since, In cascades -with sinaU. 1, as---a, decreases, -the shocks lejtve the slanting

shear mote quickly, then- the latter goe6 into ope6ration more ~quickly and deflects

thfe 46lw- Consequently, in cascades -with irnall f,. the outlet angle varies more

intednsely as -the c6ond itionk vary.

The e~pansiGn ;angle of the divergent pat of the vafieuchaninel .als6 affects the

relative position- of the shock; as thi3 angleiincreases, the shocks leave, the channel

more quickly.

A.fioticeable- influence on' the dependenct7 (ep j f) Is, rendered by the charac-

teristic cascade angle a,* (Fig., 32e~). As a:, increases,, 7., increases, and losses

in off-;design conditions are lowered, since a smaller part of the back of the, -profile

is under the 'influence of the- ghocks, -which cause swelling .&f -th- -layeri0 a: It

An analysis 6f' the structure of the boundary layer on- the back of' a profile

with different contour shapes- in the slanting- shear at f' =± and f' > ± confirms- this

-conclusion.. Figure 33a-shows the 4istributi6n of _6 alofig the back,'-and Fig. 33b

iindicates'the change of' 6*-t- the trailing- edge, depending upon the conditions.

Experiments showed that the minimum thickiess: 6 corresponds to a -concave back in

the slanting shear. It is-charac'teristic that f.- the. z6he of narrow cross sectibn

b~nd--bdhind- -it the thitknds -of-4i th _.Di6 ijii16 - is- miniiuim m-d practically- 'identical

for three profiles at x S5. In- -D-casdcades with- convex and rectilinear backs, on

a considerable section before the shock strikes the- back, the boundary layer is

l Dinrin artificial turbulization of-the layer at-the entrance to the cascade,

in the zone of minimum cross section there also is detected a laminar layer,.which

proves the appearance of an inVerse transition of the turbulent layer into a laminar

.layer also In this case. Under the Influence of' a shock, the lamninar layer becomes

turbuleont, and Ln separateod in most cascs; here, there is a sharp increase in the

Wil-luiess cot' the layer b (see Fig. 33a). The occurring turbulization of the

l~ayer and lLto separation are observed at 3F 0.69 to 0.74,. i.e., at the point of

Incidence of the shock.
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,in cascades with concave-backs, at

If " -the deflection point of the back the

45 3 laminar layer changes into a turbulent

layer, whereupon the shock is already

L A -interacting with the turbulent section of

.I- the layer. In this case, separation of

- -3 E'S £ £47 A. i 'the layer in the shock zone, as a rule,

_- - -does not occur.

DX-- - Curve 3 on F. 33a shows-that in a

- " 2 cascade withi a concave, back the transition

C3 - " . - of the laminar layer into a turbuleht

3 _one is carried out in .the section

a-.0 %2 & =0 .5 to 0.55.
8 )2The investigations conducted at

Fig. 33i Structure of boundary layer
on back of profile of reaction cascade MEI onreaction cascades at suplersonic"

at supersonic velocities: a) distri- velocities confirm the above-stated recdm-
bution of thicknesss of impulse losses, t -
at M = i.6,, along the back; b) change mendatioh fbr- esigning cascades.

of thickness , ,depending upoh M,
nuter, along' section " = 0.9. Shape In those cases when, because of the

of back at slanting shear: I -,convex; design and t~chnological cnditions, the
2 - straight; 3 - concave.

calculated curvature cannot be carried,

out, deviAtions from the calculated profile are permhissible, which, as Shown by the

I I experiments, -do-not cause a-noticeable, change in the characteristics of the

cascades.

Thus, the investigations confirmed the high effectiveness of cascades of' type

TC-BP in- a wide range of conditi6ns. In rated oconditions the profile losses in these

cascades only insignificantly exceed the profile losses in cascades that are designed

for subsonic velocities..

Cascades of -type tC-P, TC-BP, and TC-B, with divergent channels, can be used at

different angles of incidence and. :relative pitch. It is obvious that as y and t
y

change, there should also be a change in angle a., which is determined by the formula

a, arcsn~~

where ah, is the minimum cross section of the channel, and also the expansion ratio

of the channel f. In accordance with formula (4i), as a:* and t vary, the outlet
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angle a, also varies, and according to foimrla (42), 'the coefficient of wave losses

also Varies.

Yn Fig. 34, as an example, there is shown the dependence of a,(ay, ) and

f(ay, ) for cascade TC-IBP'. The use of the graph does not cause any difficulties.
:According to the thermal calculation, we know anie "a. We also know the computed
Svalue 6f the M1-p number at,.the cascade exit. 'After selecting the magnitude of

the expansion. ratio- by means of formula (30), with the help of equation (33) we find

the value of a*; khowing a i* and f, on the graphs of Fig. 34 we: determine the

necessary ay and TE for one Value.

-1
Ott

Fig. 34.. Dependence of outlet angle of

flow = arc sin a/t and ratio of

areas f = Va. on rdlative .pitch -

and angle of incidence of profile ay.

The influence-of the thickfness ,of the trailing edge at supersonic velocities

may be estimated by means of experimental data. Figure 35 gives ,the- results of MEI

experiments.

As M1 Increases, the profile losses in cascades with thick ed&,s (Ap 2.5 -to

I . 11m) do iiot vary monotonically (Fig. 35). The first maximum- of the curve tp(MI)

is explained by the displacement of the points of separation against the flow (lami-

nar separation). The second maximum is connected with the formation of a supersonic

region on 'the portion between- Sections AB (narrow section) and SD and the shocks that

close off this region; the shocks displace the point of separation S against the flow.

The transition to supersonic velocities is accompanied by an improvement of the flow

around the edge. Section SD is then displaced along the flow, as a result of which
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the channel cross section is increased (S >I) anA the flow bore'the sl~fiting,

shear becomes supersonic.

0' A

15 48~D'p j7 0 t 4 3pt

Fig 35.- Change of -profile ls4es in1reaction cas-
cade dependingupqn M1 number for varibus thicknesses-

of trailing edges. MEI experiments.

In this cse the position of the separation point determines th6,,quantity

f --,whereby f increases as M1 increases.

Thug, a thick rounded edge wil form a self-reguiating divergent channel with

a variable expansion ratio f-

,For this reason, as the Mi number increases, the losses in these cascaLdes

noticeably are lowered and- at Mi >,I they become less than in a cascade with a thin,

edge ( 1 p= Q.5-mm).

The, influence of the form of the edge at M, > I may be estimatedby means of the

graphs in Fig. 35. The best results are given by the wedge-shaped sharp 0dg6 5 , and

the biggest losses correspond to the normally cut edge I of maxi mum thickness. The

rounded edge 3, whose thickness is twice ,as -less, than that of I and 2, give4 satis-

factory results.

I § 8. ACTION CASCADES FOR TRANSONIC AND SUPERSONIC VELOCITIES

As it is known '[22], at transonic and supersonic velocities at entrances to

action cascades thereUappear bow shocks that are -connected with- the flow around, the

entrance edges (Fig. 36). The shape of -the .bow._..bcks and their location with respect

to the edgec depend on the M number at the entrance and on the shape of the. edges

and the vane channels.

During a supersonic flow in cascade channels there can appear shocks that are

connected with the flow around the concave surface and back, and also due to the

interference of bow shocks with the profile inside the channel (at high supersonic
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ovelocities)-. In the slanting shear at the cascade exit and behind it there will form

a well;knowh syte- of expansion shocks and wAv'es which is induced by the trailing

edges (see kig. 36a andb).

K ,/ -. *%%

"Is,

- -'

ISi

Fig, 36.. Shapes of ,prSfi1es-:d channels Of actIbn
,supersonic iascades: a -cascades for low'super-
sonic velocitisi:, b -cascades foir high supersonic
velocities; c --cizcades iith various-shaped
chann6ls.

It is obvious that the shape of th& entrance and exit sections of the profile

and the shape of the channel should ensure.: a) minimum wave losses' in bow and tear

shocks and b) shock-free And continuous moti6n with minimum frictional losses In tha

vane channel.

These problems are solved differently for transonic and high supersonic veloci-

ties.

At transonic velocities. ,(M < M < 1.3) the shape of the bow shocks is similai-

to that of the normal shocks (see Fig. 36a). It is possible to consider that stag-

nation of flow at the entrance to the channel is carried out in a normal shock. At

low supersonic velocities (M I < 1.3) the losses in normal shocks are small (I to :!5%);
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therefore, cascades of group "B" (see Table 1) are designed -by the "normal shock"

method. In cascades of this type the leading and trailing edges of the profile are

pointed and rectilinear, and the vane channels are continuously convergent. The

curvilinear Portions of the back and concave ;surface have a varying, curvature, -whereby,

the shape of the curvilinear part of" the ehahni. is tcalculated accordin to the

chanhnel methd (§?)

Action cascades for M1  i.3 are designed dbY Varloas methods which, differ by the

organizaton of the flow at- the leading edges lin 'the channel, and at exit of' the

S lanting -shear.J The 6ntraice sections of the back of the profile of 'upersonic cascades (gioup
1",B-" see Table i)cn ensure a constant 'velocity behinpdthe bow shock (rectilinear

entrance .secti6ns), a gradual stagnation oi flow, in'thb system of shocks (broken

entrance sectionJ), or continuous stagnation along the concave wall (see Fig., 36c).

With any method of organization Of the flow at the entrance, the middle curvi-

linear part -of the channel -can be mi'ade with a convergent (channels i, 3, and 4 in

Fig. 36c) or 6'nstant cross, section (chanhel 2 in Fig. 36c). In the'first case the

I i fldw 'is stacinated first, and then accelerated. The minimum cross section is disposed

TIiside the channel (A,, a2 ). In -a channel of cinstans t cross section, flow stag-

nation occurs 6nly due to frictbn. Acceleration of flow is carried out in the

I slanting shear at the exit. Thez ifiimum c'bss section then coincides with thd exit

section (d a2 , Fig. 36c). Convergent..diverg6nt channels may be shaped either

with cohtirnuous convergence to the minimum cross section a M  and' subsequent diver-

ctgenc to -a, (channel 3), or-with -short cohvergent and ddivergent sectiois united 'by

• a curvilinnar channel of constafit cross section a (channe.l = ),

The exit s&ction of the back of the profile (In the slanting shear) may be

calculated by the method of characteristics and made concave (as also for profiles

of group TC-P orTC,-BP ) or rectilinear. In all design methods the leading and trail-

ing edges, are tapered and pointed.

The shape of the vane channel renders a decisive influence on the losses in an

action supersonic cascade under calculated and variable conditions.

Of much practical interest is the selection of the curvature of the back and

the concave surface for a supersonic flow in the vane channel. As shown by theoreti-

cal analysis, even in a channel of relatively great curvature it is possible to avoid

the formation of shock waves on the concave surface. This conclusion is also con-

'irmed by experimental data.
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The design of action cascades with a continuous superscnic flow may be carried

out by assuming that the tlow lines in the channel are a set of concentric circles.
The-velocity distribution in such a channel obeys the equation

CR =aRS Coost;

-where c is the ,velocity of an arbitrary flow line; R is the radius of a flow 'line

circle; a. is the critical-velocity reached on a flow line whose radius of cuiiature

'Consequentlyi,

7 1

We shall consider a theoretical case -of infinitely thin leading and, trailing

edges of a profile (Fig. 37a)f. The flow at the- entrance ndibehind the cascade

may be considered as equal and uniform (direction of velocity at entrance Mi coin-

cides with directiun ofn leading edggs-,, Conseauentlyi 'segments of the back and the

,concave surface in front of the portion of constant cross section of' the channel

and at its exit must ensure a shock-fiee transition to the flow line circles (at the

entrance) and conversely, from the circles, from. the .cireles to-straight lines (at

the exit).

The calculation-of the transition sections, which are icted in Fig. 37a, may be

carried out by the method of characteriistics. With the' given:ve6city, at the entrance,

the velocity behind the infinitely thin leading edges is Mi= since, in rted

conditions the intensity of th'e sho6ks at the leading, edges will 'be infinitesimal.

At the transition -section of the concave surface the flow should be slowed down to

the given velocity M B9 and accelerated in the-transition section of the back. to

M .

We shall designate by 6 the deflections of the supersonic flow with its expansion

from M = 1. to M, (angle 6!), from M = I to Mc (angle 6c ), and from M = i to M

(angle 6B )

In the zone of compression on the transition section of the concave surface,

the deflection decreases by the quantity 6c -'6 B ; in the zone of expansion on

the transition section of the back, the deflection increases by the quantity 6i -

-
6 B* Both transition sections should deflect the flow at an identical angle.
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v-=:-6,

Consequently,

V0
uhere v is the angle of displacement of the transition sections of the back and theconcave surface (see Fig. 37b),. .

Fi.3.Poiigo?,z ci nzscade with ontin

d)) X~
Flg. 37. Proffling of in action cascade with contin-
uous supersonic flow: a:""6nstrcti6n of symmetric
profile of acti6n littice; b - profiliiig of channel;
c and d -, construction of leading edgre;

The shape of -the ,profile and the vane channel is dbtermined by the M1 and i42

numbers at the entrance and exit, the angle of deflection of the flow in the cascade

0 = + 2, and the selected values of M and M d on the concave, surface and the

-back. -For a symmetric profile (see-Fig. 3(a) the-.angle of def*lection is e 2:

232. In this case the concave surface and the back have a length that is determined

byf the following angles:

0- (, - 8.) 2 -2 (8,- 6).

The transition sections on the back are connected to the edges by segments of

straight lines which, together with the transition sections of the concave surface,

form infinitely thin edges. It is not possible to make such edges.

The leading edges of the blades may be tapered (see Fig. 37c and d). The angle

of taper b0 is selected in such a way so that the shock at point C is attached.
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'If the elocity of the incident, flow- is directed pL-raJllel to the -bAck Db

13 ,f ), then there appears only one branch of the shock CB (Fig. 37'c). The

velocity behind the shock i aiydtrie ymaso aclto.To

zuhalength, so that shock CB strikes at the beginning of the tranisition section

bfe back.~to. Foma

forvelcit.M, beindshock DA.

- During the calculation of cascades by the-indicated method it .is necessary to

bsure that for the selected M4 ald i4 numblerg there can ~exst a supersonic flow

at the entrance to the vane channels. This probl-_ is solved ith the help of the

contiii~ity equation presented in §:31.

Let us note here that fhe maximum M number-is, deteimined from-thie con~dition-

of Maximum flow- rate throught he cascade in -its 'miniimum cross 66ation with the cal-,.

6ilation of lois ef; and-the curvature of the flow lines.

Figure: 38- giVes- the curves' o± the dependence of maximum, angles 6 i max on 6

for a ciftai. range of values of 6i~i The curvres -in Fig. 3,8 give the boundAr

values of the M?.4(6-) numbers at the

entrance, depending upon -the MD ~

-tmno* Is .iot accessible __adM 6 )numbers, whereby the cor-

-res~Onding lines, 6 B idem, divide

ze th-digram into two regions, above the

Ye 0 Zyat il-curves is the region in which super-
*~~~~~~~o Is -dF soni veoiie ant pertte

* I .~ 4 4...J..4.4.4Jentrance.

0 1Vt Y f# 4 As already indicated earlier, a

Fig.38. imiing alue ofangls §decrease of wave losses in the bow shocks
- (M0 ) 8B (M )may be attained by introducing gradualdepending upon 6 M and' 63'MB)

which determIne the region of accessible deceleration in the system of shocks at'
supersonic velocities at the-entan.

the entrance. After appropriately

constructingi the back of the profile at the entrance (see Fig. 36a), this method

may be applied for profiling the middle portion of the channel.
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t i Let us consider some results of an experimental investigation of action cascades

in a supersonic flow. Figure 39 presents the curves of pressure distri'but!tn along

the profile of cascade W-!B. The channels of the cascade are convergent-divergent

anduhave no drea, of constant cross section. The minimum ;Cross section is located

near the entrance before the main deflection (points 8-7 and 13-11) . Stagnation of

flow on thi back occurs in front of the entrance section of the channel (points 6

to 12)-. At g2 > 1, in front of the channel there appears a normal shock which

apbroaches the entrance section as the M2 number increases. In conditions of 12 1"

1.5, bow shocks enter' the, vane-channel. The flow is accelerated in the channel

'behind the shocks, whereby a large expansion is detected ,near the minimum cross

section on the back ot the profile. As M2 increases, the zone of the pressure -mini-

mu, is displaced toward; the flow and 'expansion decreases on he back.;

[ I-I_________

Fig. 39. Pressure distribution along profile

-of ato asaeT- (con 'erget-diVeig6nt
chanls a =0.575;, GF 89005; l = 0°

. cascade TP-iB with gradual stagnation

! btin n hebak ndconcave surface is faoal;tefo ntecanli

; suersoic. igur 39also contains a curve (dotted line) that corresponds to a

i cascade with channels of constant cross section and with gradual stagnation at the

~ Ientrance. The st'agnation in the system of shock here is less intense and in the

middle portion of the channel the flow is less convergent. At the exit, the flow

is accelerated more intensely.

The flow 'fields of supersonic reaction and action cascades are shown in Fig. 110.

In the reaction cascade (Fig. k0, I) it is possible to see the characteristic

A e

_4 -M

ig. 39 Presue it tieo ave

I (22
buino h akadcnaesraei aoal;tefo ntecanli

suesnc.Fgr 9as otisacre(otdln)ta orsod k-
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shocks,). The 4nteraction of an edge shock with the boundary layer on the, back leads

to. Swelling of the layer and, in certain cases, to its separation.

~1;Z

IrI

~~~~ 41,AY'

Fig. 40. Flow. spetra in siipersonic .cascades:
I - nozzle cascade TC',B, Mi~ ='I.,52;, TI ",action
cascade with cvegt-divergent channels

-8-1) = 0.95 0, 3906 1,89 a)

M= 1 .34; -b), Mi.= 1.641; 111-cscd with
-gradual~ stagnation at 'entrance: T, (0.625, A

y
gooQ;, -22030'; c) Mi = 1.47,; d) Mi 1.67.

At the entrance sections of action profiles (Fig. 410, Ii and III), systems of

shocks are forwed in front of the edges. When-the Profiles ar6 made according to

the-method of gradual stagnation (Fig. 40, 111) , at high supersonic velocities there$

are formed two, shocks, one of which is located at the -salient point. It is charac-

teristic that at sufficiently high numbers Mi > I the velocities are supersonic

everywhere and there are rno shock waves inside the channel.'

At the cascade exit there will form a system of shocks that consists of, as

also in the reaction cascade, two edge shocks and one reflected shock.
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A comparison of the losses in supersonic cascades designed by different methods

may. be seen in Fig. 41. The characteristics of cascades of group "B" are given there

with channels of different fo)m, with

gradual stagnation at the entiance, and'~without it. dradual. stagnation has notice-

able advantages t Mk i.5 to 1.6. In

/Y- cascades with channels of constant cross

section, the. losses t transonic and sub-

4 , sonic velocities are essentially lower

t han in cascades -iith--convergent-divergent

channels. However, at M2 i 1.4 to 1.5
Fig. 41. Total losses in action super-
sonic cascades designed by different the latter' are charactekized by minimum
meihods: '1, 3, '4 - cascades with con- -
vergent-divergent chainels and recti. losses-.
linear back at exit; 5 - cascad6 with-
channels of constant cross -secti6n and At subsoni ivelocities, minimum losses
rectilinear back at entrance; 2, 6 -
with bioken back at entrance; 7 -;TP-1B; correspond to. cascade TP 1A. In conditions

80f M2 1.0 to 1.25 the best characteris-

tics are possessed by cascade TP-IB, and at M > 1.25 the total losses are minimum

in cascades of group ' 1 1B."

Thus, the experiments confirmed the correctness of-the method of designing

supersonic action cascades, with, gradual stagnation at the entrance and convergent-

divergent channels. These cascades should be employed at M, 1.5 to 1.6. The

optimum contraction ratio of a channel &t, the entrance and the expansion ratio at

the exit (the ratios a/aM and a2/aM, see Fig. 36c) depend on the M' (12) number and

the deflection in the cascade,. For the range of M numbers from 1.5 to 2.0, these

ratios lie within the following limits: ai/a. = i.1 to, 1.2 and a2 /a M = .45 toi.25.

At M numbers from 1.25 to f.5, satisfactory results are given by cascadies with

channels of constant cross section and pointed edges.

A check showed that the calculated* pressure distribution in the channels sa&is-

'actortly coincides with the experimental distribution in sections up to 40% of the

chord on the back and up to G5% of the chord on the concave surface. Significant

deviationE from the calculation at the exit sections of the channel are explained by

uncalculated influence of the boundary layer.

xAccording to the channel method that was presented above, which was first
proposed by Guderley. (s,)
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§ 9. FLOW RATE COEFFICIENTS _OF'URBI C!S~CADES

The calculation of flow areas of nozzle and moving .cascades is-produced with the

-help of an important charactei.istic, i.e., the flow rate coefficiefiu ;which is deter-

mined by the formula

where G and Gt are the actual and theoretical flow rates, through' the cascade.

The values of g essentially depend on how th6 concept of the tho'bretical flow,

ratet- ib formulated. Iii accordance with the continuity equalion, the actual mass

flow rate of 'gas through:.a -nozzle cascade may, be calculated by different methods:

:G = pG, = iYxdt4Q,, SiN ',# s'. in a,,# ,ajd4Qs 1, n, (44)

Here d and -.1i -are the mean diameter and height of the cascade; Pit and cit

are 'the density arid velocity flow behind the 'cascade with 'isentropic expansion;

P u t and c t are the density -and velocity in the thiroat -area with isentropic

expansion; ai is the mean &ctual (flow rate) angle of erit from the cascade.

The flow rate coefficients in -equation ('44) correspondingly refer to: tle area

of the throat sections, and the theoretical parameters behind the cascade (g.), the

area, of the throat sections and the theoretical parameters in these sections (i*:),

the area of -the exit section and the theoretical parameters in this section 04i).
,dther methods of expressing the flow rate of gas through a cascade are also

possible. Thus,for instance, equation (44), may be written in the foliowing manner:

G =ptxdllQc sin u,, (5

-where PM and c. are the mean actual (taking losses into account) density and velocity

in the throat sections.

The enumerated flow rate coefficients are interrelated:

p= *QAWEJ 'I n flKg (146)•ai sin,, Up "Q

and can be approximately expressed* through the velocity coefficient 9. Actually,

*In the determination of the velocity coefficient, the parameters are averaged
with respect to the momentum equation, and the flow rate coefficient is averaged
with respecL to the continuity equation.
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" iA ql'C: g K~ii'i UiI :Po t ra,

then

1P ~ ~ vat C -UV14u S4IIaj
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Formulas (46) and (47) distinctly show that the difference betweenthe flow

trate coefficients between g and V can bevery significant, depending upon the geo-

metric and performance parameters -of the cascade.

Since the ratios of • and the densities' sn al .

ei [ + k ": V 1, "

depend on the 1,t number and the loss coefficient i'it is obvious that these

par ameters determine the degree of difference of the indicated coefficients.

the selection-of the flow ri De characteristic of a cascade is determined first

of all-by tihe reliability of the experimental data with .which it is calculated. In

the bxperim~ntal determi'nation of the flow rate coefficients ttV1 ' and g1', and

Salso In the thermal'Lalculation of a stage with these coefficients, it is necessary

•to know ex.actly the distribution of parameters In the throat section and, the angles

behlirl "the cascade al.., In ;bany cases these data are absent, whereby even an in-

significant error in estimating the outlet angles can lead to an appreciable err-or

~in tlhe calculation of the area of flow sections of the cascade. Therefore, when

perfor'ming, thermal calculations, the factories mainly use the flow rate coefficient

IL,, which cati be obtained from experiments with maximum accuracy.

The 1*'lkw rate coefficients that refer to the throat sections of nozzle and

moving, enscader, are calculated by the following formulas:

P l P 2 = lh l -F W -1 7j f a i 'm

Hlere F-1 71we11 sin ct. 3 Is the area of the throat sections of a nozzle cascade

1,1

and P.T iidle sin f ad t he area of the throat sections of a moving cascade, since

of l yterlaiiyo h xeIena aawt wihi scluae.I

deertainof'h lwrt

aloi h temlcacuaino saewt teecefcins tincsayi

toko xcl h itiuino aaetr ntetra eto n5teage



pt and t are the-theoretical density ,and vel(:ity in relative moticn behind thePt w2t

moving cascade.-

Ail geometric parameters. that determfnhe the areas YF and F2 are easily measured

by oiohducting the appropria) pere-iments. In the thermal calculation, these param-

eters-are established by drawings. -

The quantities 1 and 12 may also be expressed by gas-dynamic functions [22]:

_0V yrj oV., (48) i

and I

Here p 0 1 ,and T are the pressure and stagnation-temperature in absolute i"

motion in fronit of, a nozzle, cascade; p02 and. TO2 are 'the pressure and stagnation

temperature in relative motion in front ,of a moving cascade;

I

is the given flow rate. at the exit of a nozzle 'cascade in .the theoretical process; [

is the flow rate function;* p, and P2 are the static pressures behind nozzle and

m6vjngc ascades;

is a constant (R is the gas constant). D

w ot
*~Jnctons ~ t w~t= f. by means of an analogous*Functions q 2t and t are determined by w byman fanawl~u

formula (a*w is the critical velocity in relative motion behind a moving cascade).

(8)

!-89



14 4

I The flow rate coefficients IL and 4, also depend on profile shape, type of

1 cascade, relative height, entrance angle of flow, and Re and M numbers, i.e., on the

performance and geometric parameters which determine the outlet angle and losses -in

a cascade and must be given -separately for each cascade.

However, up to now a large number of cascades being utilized in turbine con-

struction do not have the indicated flow rate characteristics. At, the same time,

the experimental - data accaumulated at MEI can be generalized for certain groups of

cascades.

Thus, for instance, Fig. 42 gives the flow rate coefficients. depending upon

I relative height and step r itch 'C-1A and TC-3A cascades (see Table I)-. In a suf-
I f 1Ii-

ficiehly wide range of variation othquniy <2.,hecoefficient Kiweakly

4epends on-cascade height. At lbwer heights, as T decreases, the fl6w rate coef-

ficients decrease more intensely.

'IC-IA

... ro:1,"TC:"!C

S 0.9 1.5 9 S 3.0"

4 r6

1.0 LI -!prorlla TC-IA

-. .gO'(120"1.' ,5

0,95

-90-Z

Fig. 42.. Dependence of flow rate coefficients
onl relative height--L for IMM. nozzle cascades

with various pitch T[ and entrance angles of
ftow a(,; Rej number ecuals 5.r05; 5,i o .63.

,A study of th~e influence of~pitch T shows that the optimum (with respect to

, los.-,es) rnge of T includes the maximum values of the flow rate coefficients.

The basic geometric parameters analogously (from the qualitative side).affect
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the flow rate coefficient of action cascades. It is natural -,that the absolute values

of 92 will be lower than those o

The results of cei ,al experiments fo i'-_&erkining ~2are shown in Fig. 43

A significant ifiu6,nce on th6-flow rate coefficients is al~so rendered by the 4

He number.

The- grabphs in Fig. 44 show -that as the Re niimbei~ increases, the flow rate

coefflicients-g and *2±nrase. -At, small Re, a growth of 12with an increase of

______________ -Re is ,more intense thang. When Re

pend on Re. The aclain of the- flw

- " rate through a-cascade at supersonic

velocities is produced with the help of'

the flow rate c6efficient. W. In this

P case the densityafsid velocity in the throat

At____ sections in ri theoretical proce6p are

aN--, V I

its (5 210' Zs To3

Fig. 43~. Dependence of fl'ow rate coef- Fig. 44.~ Influ~iice of
ficient for moving cascade TP-OA _MEI on Reynolds numbers.keReI and -Re 2x~litive height -. at different entrance on flow rate coefficients of' 4

T nozzle and-moving action
angles 0, and riclative-pitch "t. cascades gand'2-

6qual to the cr'ii~al values. (p ~t =* c U4 a*).

For these conditions (M~ ;;,I), the coefficient weakly depends onl the Mand

Re1 numbers 'see Fig. 17c).

For an analytic determination it is also ver'y convenient- to use the flow rate

coefficient gi'. The calculation of the potential flow in a channel makes it pospible

to establish the velocity (pressure) distribution around the profile contour and

find the displacement thickness 6 in the throat section in any (including the

throat) section of' the chariiel.

The flow rate through one cascade channel is determined by the formula
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ji (49)

where Gtz is the theoretical flow rate in one channel. The, sign X indicates that

-the product In parentheses must be summed up for the concave surface, back, and two

*end walls.

Since, on the other hand-

G, pF jQugCn sin g* P

then

J (50)

In accordance -with formula-6(5), for a determination of g* it is necessary to

calcul~e the ~6antity - t 6* for the back, concave surface, and end walls

of ti1 kchannel, ana find their sum-. This iS easy to do after calculating th.e boandary

layer oh the'se surfaces. Calculation of the. potential flow makes it possible to

esteolish the values 6f p ,,,t .and c t on the outer' bound of the layer on- these

1 -92-
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C H'A PTE R ii

CALcULATION OF A STAGE.

§ 10. SELECTION OF CASCADES FOR THE.STAGE BEING DESIGNED

When designing a7new turbine or recoistructing.an existing turbine, which is 4

conducted f6r'thcpurpose odi raising its -economy, it is necessary ,to match cascades

to the stages, select their dimensions, and determine the -efficiency and degree of

reaction, etc-., ie., calculate the stage.

The simplest and most reliable -m'ethod is the selection of a stage that has

undergone a-check in an exPerimental-turbine. As a result of testing the stages,

the experimental turbine's basic characteristics are determined, e.g., efficiency,

degree of reaction, and flow rate coefficient, depending upon u/ce, s, and Re. If

a combiynation of cascades is selected which has been tested, but, In the stage being

designed, other, experimentally unchecked, ge-Imetric parameters (heights, diameter,

clearances, and others) are proposed, 'then it is possible to use correction graphs

that make it possible to consider the deviation of dimensions of the selected stage

from the dtimensions under investigation.

However, In a number of cases it becomes necessary to use cascades and their

combinations that have not been checked in an experimental turbine, and investigated

only in static conditions. In these cases it is necessary to select cascades which,

after satixfying the basic requirements of thermal calculation of the turbine, will

be optimum, i.e., the stage will have the highest efficiency accessible in these

specific conditions. Furthermore, one should consider the requirements of reltabLlity

and unification.*

*Sometimes stages are used that are not calculated for the highest efficiency,

which can be related to the problem of lowering turbine cost, s.mplifying the design,
3or otabilizing the economy under varying operating conditions.
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This chapter considers only single stages with cylindrical blading and full

gas supply.

The selection of cascades for a stage should be first conducted depending upon C)

the- type of conditions in which the stage will be operating, e.g., subcriticai or

superdritical.

This chapter considers stages with subcritical velocities.

Selection of Nozzle Cascade
The selection of cascades for astage should begin from the nozzle cascade,

since its dimensions determine the basic dimensions of the subsequent -moving cascade.

Furthermore, for action single stages, the effect of the nozzle cascade on economy

is considerably greater than that of the moving cascade.

From 'the nozzle cascades that wehave developed in recent years, it is possible

to use many which have demonstrated good effectiveness and have been checked experi-

mentally. Certainly, it is desirabld to employ cascades which.have been checked

experimentally in annular cascades, in actual diaphragms with the usual plant tech-

nology 6f manufacture, azid'especially those investig&ted'in experimental turbines.

It is very important that the-experimental check of cascades, both in static con-

ditions, and also in turbines, be conducted under actual, or close to actual, test

conditkons (M and Re numbers, initial turbulence).

In this chapter the method of cascade selection is explained in reference to,

MEI cascades of group "A." As can be seen below from the text, this method is

easily extended to other cascades, for which there are experimental aerodynamic

characteristics.. Some examples are the characteristics given in the atlas of profiles

and in the standards (see Chapter I).

Usually during the calculation of a stage, we know the volume admission of gas

passing through the stage and calculated according to the parameters in front of the

nozzle cascade (or more exactly, in front of the parameters of stagnated flow) GvO;

the average diameter of the stage d, which is detern ined from a preliminary calculation

of the turbine, or selected from the conditions of design or unification; the turbine

velocity n and the velocity ratio is

SU- U

12h/ 2

(or the available stage heat drop ho).

*Selection of the velocity ratio u/cq for the stage is considered later in Chapter
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With these known quantities it is easy to determine an approximate value:

+Go,

+, ' ammO - (51) $

or,

where G is the flow rate of gas per unit of time (kg/sec);
vIi

d - ()

n-

h . (.jAg-).

This preliminary calculation 4s necessary in order to select theinozzle cascade

and its -basic geometric-characteristics.

ks. we know, an increase of cascade height-ii, or rnore~ exactly, relative height

I z..,/b, leads to A lowering of tip'losses, and -consequently, to an increase of

cascade efficiency. At the same time, it is not possible to select an arbitrary

value of angle a1 , . Each cascade at it certain. variation of the angle of incidence

ayand relative pitch t/b has a definite range of variation of angle a:,,_ (see

Chapter I).

Thus, the selection of angle a1io by itself signifies the selection of one

cascade or another, or at least a limitation of the number of cascades available

to the desi(Ter.

First, for simplicity, we shall consider that only one nozzle cascade can be

used. From the range of possible angles a, it is tempting to select the lowest

value; this makes it possible to obtain a maximum height s1 e, whih means minimum

tip losses. However, for a given cascade, a decrease of angle aoic, as a rule,

leads to an increase in losses (for the same T.). Actually, a decrease of angle

a T is a decrease of the mounting angle of the profile ay and/or a decrease of the
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relative pitch of the cascade. Both of these factors, as experiments show [22],

usually leads to an increase of profile losses. The most intense ihrease is 1n the

" edge !ossos, wh5 for the given profile (b and p)are essentially increased as the

oitch and angle a decrease.

In order to clearly present the relation between the angle

j ,,*,, ,,,) and the losses

Fig. '45 shows. graphs of the dependence of, C c = (i V ay, T) for, one MEI TC-2A

j cascade. The graphs- were calculated for specific values of A for other

reconstruction of the curves presents no difficulties and does not result in any

qua-litative change of the dependence. The graphs in Fig. 45 were -coistructed accord-

ing to the cascade characteristicS given in the

atlas of profiles. Analogoustgraphs can be con-

- - - structed for all cascades that have sufficiently

complete aerodynamic characteristics.

By using diagrams of this type, it is. possible

-, W < ". - for the given-angle a, s to find the optimum

,__values of relative pitch T and mounting angle of

22f 4V 1j;;_ the profile c, and also to determine whit addi-
Fig. 45. Losses in nozzle cas- tional losses will result from a deviatiai from
cade TC-2A depending on mount-
ind igle of profile ay and the optimum characteristics that were adopted for
relative pitch T.

unification purposes.

Thus, for a given grid with determined profile dimensions (b and Zp), selected

with respect to conditions of technology, reliability, and unification** and at the

obtained value of T1 sin ai at' i.e., for T, sin a, ap' one should determine the

values of , and Ti which will give the least total cascade losses. It is natural

that the dr,..Igncr will try to apply precisely these optimum dimensions. For a

determination of the most advantageous dimensions of a specific cascade, a graph of

= f(T: rin a, at) is constructed. Since usually (except very short cascades)

the tip losses are proportional I/li, for a number of values of a1 9 it is possible

a implies that part of the losses in a nozzle cascade which depends only on Tand ay,

**The selection of quantity b fromn the point of view of -conomy is considered
later.
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to construct a series of straight lines, i.e., dependences of -total cascade losses

(by summaizing the tip losses and minimum losses for each ai of losses from the

diagram in Fig. 46) on -/1 sin a,. The lower envelope of the series of these

stiraight lines+ gives th minimum value of losses in the given cascade, depending

upon I/r 1 sin a1- bib.

I A

4i.~6. Dependence of total losses in nozzle
cascade TC-2A-on sin a n s a for

selection of optimum angle a -Axp- ..

Thus, knowing T: sin a1  , we find th angle a, 3cb at which the losses in the

if

nozzle cascadeare minimum, and according to it we select anglea 1  and -

..min _ ; +
igure 46 shows thecurves of Cn f( -sin a,: for nozzle cascade •I

c

-It should be cmphasized- that the graphs in- Figs. 45- and-46 were- constructed

for 0.6-0.9 and for Re. numbers greater than 5.106.
During the calculation of a stage, with other values of M it is necessary to

Introduce corrections taken from the aerodynamic characteristics of cascades (see

§4 and 11); the influence of Re numbers is considered only in a certain zone (see

4, 18, and 4n3).

The construction of graphs like those in Fig. 46 for other MEl TO-IA and TC-3A ]
cascades and a comparison of the curves of C for these three very popular nozzle

cascades, shows that:

a) for identical o sin a, u the TC-2A and TC-3A cascades have approximately

identical total losses;

b) cascade TO-A for all I sin a1  is less economic than TC-2A and T(sAe*

*Teking into account the increased tip losses in actual annular cascades and also

from the condition of blading continuity and the lowering of losses with the outlet
vasocity, It is sometimes of value to employ a cascade with angle a, smaller than
optimum.
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-c) despite the wide-spi,6ad opinion cbnceriiing the, nece ss'it:, o2 ,using -nozzle :
t:ascades with small angles a for-s-tages that oetewth sma1l Volume Steam

- ad to1_rt-i

admissions, calculations of aerodynamic characteristics show that cascades Withthe

same T sin t iand larger- a, f requently have less total ioss .s ng: o e

Thus,-fof cascade TC-!A, angle a, 6r = 12.5 gives minimum os only when

isn a. < 0.055; a smaller angle -leads to an increase in losses at 'any

sin, a1  For cascade TC-2A," correspondingly, l ' 15.50 whin-I sin a.,, <

0.08. For cascade TC-3A, correspondingly, a1 S = 18.5 ° when 1, sin- ai  0.685

It should be noted that the graphs presented above were .constructed-on the basi s

of the results of static tests of 4w4-dimensional -cascde6. In actual anhiiahr cascades

the losses will be different; fi oreover, in certain cases the optimum value of angle

a, may also change. Thus, for instance, in welded diaphragms with unprofiled

shrouds, the tip losses in short cascades are essentially higher than in straight

ones. In cofnetibn with this, it is possible that, the optimum vaue.of -angle a
at small I sin a, _ will -be somewhat -lower tha, that obtained with the use of the

iesults of static investigations of two-dimensional cascades-. At the -same time,

tests of annular cascades -in welded diaphragms indicated .a 'significant increase of

losses in the root sections of the cascades with small angles ali 6 and cylindrical

shrouds.

In conclusion, we shall indicate that if an intermediate stage of multistage

turbine is being designed, the selection of I. and consequently, also angle a1 ,

should begin not only with the requirements of stage economy and unification, but

also with the -conditions of continuity of the' turbine blading.

Selection of Moving Cascade

The selection of the moving cascade of a turbine stage is produced with respect

to the outlet angle t 3 ,, the inlet angle ji and the velocity .flow M. For the
2'

cascade, the profile angle py and relative pitch T, and consequently angle P2 aq

are selected with the overlap, shroud inclination, direction of absolute outlet

velocity cp (i.e., angle a2 ), and tha degree of reaction taken into account.

The overlaps in intermediate single stages (Fig. 47) are recommended in the

following limits.

It should be taken into account t..at the amount of overlap depends not only on

i the cascade height, but also on the axj l and radial c.earances, and on the tech-

nology of' diaphragm manufacture. The table .hown below gives recommendations for
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Table 7. verlaps of Intermediate Single Stages
Height of nozzle Total overlap Height of nozzle Total over- i
cascade in m n + in cascade 1i in mm lap +

+ A,.in mm

15-25, 2;5-3 50-75 3-4.5

25-50 2.5-3.5 75-150 3.5-5.5

stages with welded :diaphrajs, for the mean values of the axial dimensions -of the

s;tage and good' stage sealing.

Usually intermediate stages with low moving-blade heights have cylindrical

blade shrouds, i.e., constant -inlet and outleit heights of' the moving cascade. Then

with respect to li i.e., the height of the nozzle

cascade and the overlap, the outlet height of the

" moving cascade 2 is determined.
N'2

" \~.' 12- In certain cases it is of value to incline the

shroud ofa moving blade. This should be done in stages

, 4" 4 of medium pressure, if it is not possible to create con-

;; . tinuous blading by other means, i.6., the transition

10 from one stage to another. Sometimes the requirements

of unification also force the use of an inclined

Fig. 17. Diagram of 'ction shroud. If the shroud is inclined (conical), the chan-type single stage ,

nel should be convergent, i.e., the channel area

towards the flow should not be increased anywhere. Otherwise the cascade will have

a- divergent -flow in c- rtain sections, which, as a rule, increases the losses.

It is desirable that angle a2 be close to a right angle (750 < a2 < i±O). Iff

angle a2 considerably deviates from 90°, then at the -entrance to the following stage,

where a-standard conventional nozzl.2 -cascade is selected, both'the profile and tip

losses will be increased.

In certain turbines (usually turbines of low power and some ship machinery) the

number of stages or their diameters are decreased by striving towards small nonoptimum

velocity ratios u/ct. Then a considerable decrease of angle a2 is inevitable. So

that this decrease of a2, and consequently, also the angle of entrance ao to the

following cascade, does not cause an essential lowering of economy of the following

stage, it is necessary to use specially designed nozzle cascades with small calculated

angles (see § 211).
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If the stage being calculated isthe last one in the given section and its

outlet velocity is not completely used, then it is-desirable that a2 be close to

the quantit to 99 + p., and for a single stage, o 2 = 900 Very frequently

it Is considered that thf minimum value of outlet velocity c 2 is attained-when

g2 = 900. If a stage with definite-values of d and B2 is being designed then for

a fixed value of the peripheral velocity u it turns out that (c2 ). is attained

when a2 =90 + 2.

f Actually, we shall use two equastions:

C06 s s- uj; 2 -

WX s inP=csin as.

From these equations, after excluding velocity w2, we obtain:

It follows from this that the-Mninimun. Value of *c2 is attained"when a 2 = 9 0 ° + 12"

When a2 = 9o + P2, the efficiency of the given stage will naturaxly be lower than

when 2 = 900 , since a decrease of the outlet velocity Is attained by-means of

-~ decreasing-h-, . the stage is-calculated- for u/c > (u/€-)on'. However, if in

a- given section each subsequent stage completely (or to a considerable extent), uses

-A the outlet velocity of the precedingoone, then, the -efficiency of -the- -entire -sctioh,

after redistribution of the heat drop between stages, will mainly depend on the

C1 of the last -stage. Consequently, the efficiency of the entire section will

be the highest when a2 90 + 12 for the last stage.

The preliminary calculation of a stage and the selection of a cascade are governed

by the magnitude of the mean reaction p. The mean reaction- of a stage (in the first

approximation it is considered that this is the reaction on the mean diameter) is

selected depending upon cascade flare (d/z) and the sealing of clearances in the

stage. The less d/1, the bigger the change of the reaction with" respect to height;

and since it is desirable to have approximately a zero reaction in the root sections,

Pp increases as d/Z decreases.

Selection of the reaction of a stage, taking into account the steam leakages,

is considered in § 12. It is necessary also to consider that an increase of the

reaction at the root can essentially increase the axial stresses.
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For preliminary calculatibns it is possible to recommend, with a full steam

supply and good sealing of clearances 'in a stage with cylindrical blading, the

following values of the reaction on 'the mean diameter:*

JA_ ,-- (53) i

where-

For more exact calculations it is possibl ,,to use the following formula [33]:

WC ,o: O&W -(53a) [

where = I - is the square of the Velocity of the nozzle cascade.

Final selection of the moving cascade and its dimensions hould be performed

after a detailed calculation of the nozzle cascade :and construction of. velocity

triangles' of the stage.

theFor a more precise determination of the dimensions of

the nozzle cascade, on the basis of the selected reaction,

.*ith the help of' an, is-diagram we find the pressure p,

(see Fig. 48) and specific volume vlt behind the nozzle

cascade during the isentropic process of expansion.

' Then the height of the nozzle cascade is

£ - dcusrn(54)s.

where

Ct -2,+ ..-;c 1,.= V 2h, +c .

th /The flow rate coefficient g, is selected on the basis

of an experiment; it is preferable to use the results of

the experimental determination of the flow rate coefficient

Fig. 18. Process of of an actual diaphragm. If there are no experimental data
steam expansion in a
stage in an is-diagram, on 4,, then for gases and superheated steam it is possible

to take Pi - 0.97 (see § 9).

*This question Is considered in g.reater detail in Chapter VII.
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Knowing the dimensions of the nozzle cascade and the conditions of flow, by

means of the aerodynaic characteristics we find the losses in the nozzle cascade

and then h, (kJ/kg). A

(h(55 4 . -2-
"Tiking into account the selected berlap, .height of the nozzle cascade, and

inclination-of the blade shroud, we obtain the height of the movinb cascade-1 and

the angle 13.6

w Poo GO (56)

where w2 t - ho2 + the relative inlet. velocity is found with the help of the

velocity triangles shown ihn Fig. 49.

WS 1 , Ci If"

Fig. 49. Velocity triangles of a stage.

Formal use of formula (56) in a number of cases can lead to a noticeable error

in -the determination- -of --Usually the flow rate coefficient 42 implies the

coefficient that considers the losses also at the entrance to the moving cascade,

and In the determination of velocity w., according to which the velocity w2t is

computed, these losses are not considered. It is more correct to perform the calcu-

lation in the following way.

We shall write a continuity equation for the entrance and exit sections of the

moving cascade, whence we shall find the interdependence of angles 02 (b and p,:

We shall designate the velocity in the entrance section of the moving cascade

by wj wi. Here wi is the relative velocity in the entrance section of the moving

cascade; 1I is a coefficient that considers the losses in the clearance between

cascades and the losses at the entrance to the moving cascade. The flow rate
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coefficient iconiders the change of the flow-rate as :compared to the theoretical

value with losses only in the convergent channel of the moving cascade.

-It is obvious that .> % and -2 > A2 Ugually it is possible to assume that

'they are equal (witho the exceptiofn of a flow of moist steam). 'Then

Here-'v is the specific volume of steam (gas) at the entrance to the/moving

cascade. j
I. if there are experimental -values for angles ai arid 2' they should be.used in

the construction, of velocity trtangleg.

On the basi; of angles 12 a4 and 0., the relative height of the moving cascade

I Iz / 2 (chord -b is usually selected on the basis of 'reliability and unification) and

number, which is calculated with respect to relative outlet velocity W2 ,the , 2 '

we shall select the moving cascade.

After determining the dimensidnsiand tuotal losses, for the selected ,moving cas-

-cade, we construct an outlet velocity :triangle and find angle a 2 .

If the value of angle d2 gbes beyond the recommended limits, then it is possible

to somewhat change the reaction p or the value of the outlet height of the moving

cascade Z2, i.e.,, the overlap. An increase of the reactioi leads to a~decrease of

angle a2; the same effect is caused by an increase of 12 (angle A correspondingly
decreases)--.

It should be recalled that for the given initial parameters and heat drop of a

stage, an increase of the degree of reaction leads to a small increase of the area

of a nozzle cascade and to a considerable decrease of the outlet area of a moving

cascade.

For the purposes of unification, frequently in the design of new turbines or

the reconstruction of existing ones, it is expedient to employ cascades with pre-

determined dimensions. Then the stage, i.e., combination of nozzle and moving

cascades, will have, under specific operating conditions (u/c4  and e), a determinea

magnitude of reaction, which can be changed only by changing the dimensions of the

cascades.

For rated operating conditions of a stage or with a small deviation, when we

znny practically disregard the influence of the change of the angle of entrance to

thc moving cascade (angle P,), the mean reaction of the stage can be determined by

-103-



Yj I -the following formula:*

\&l \p/ -- 157)(, -~~~ e) [ -( - - - 't

where

However, calculation of the reaction p by this formula is inconvenient and does

not reveal the influence. of diff6rent factors. Therefore, Fig. 50 illustrtei a graphI sin a, 5

-f the dependence of P °n I sin

-u This graphwas constructed

S-for the particular case of ci = i30 ,

III _ ! I= 0.96 and e = 0.8. For other values

of 9), aji and e, the correction curves

7 lshown in Fig. 5i should, be used.

In order to estimate what the

7moving cascade shoulbe after selecting

the nozzle cascade, without resorting

,l,.s50 0 ,55 to complicated calculations, the nomo-

graph in Fig. 52 may be used. The nomo-

Fig. 50. Stage reacti6n p depending upon
geometric characteristics of cascades, graph contains the dependence G2 s4) =

I atcl C' P2 Xt ' ('2 - '"1)/1!' -1 "'2/IJ'I)  ,

After determining angle 12 at on the nomograph, using the aerodynamic character-

is 4 cs, we shall select the moving cascade. The characteristics of moving cascades

may be derived on the basis of the results of their tests (see Chapter I).

For instance, for group "A" of MEI moving cascades, the selection may be per-

formed with the aid of Table i.

If it is possible to select several cascades for the obtained angle 62 , the

one tat has the least loses under the specific conditions I '61 2' and Mw2

2
I. *As already indicated earlier, this chapter, and in particular the given formula,

pertains only to subcritical flow in stages with a full steam supply and cylindrical
blading at large d/1.
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should be used. Usually it is preferable to select a cascade with a smaller number,

since the relative pitch of the cascade will then be higher, and consequently, the

edge losses (certainly, in the zone of optimum T) will be lower; the number of blades

will also decrease.

In- the selection of a moving cascade with respect to h given angle 12 3 a largeV

role is played by their unification and reliability.

Selection of Profile Chord-

During the last few years the tendency to decrease the chord- of the profilel of

a nozzle cascade appeared. A number of turbies. here and abroad began to employ

diaphragms with narrow blades. The purpose of decreasing the width, and c6nsequently

also the chord of the profile is to increase the relative height of the cascade in

order to reduce ti losses.

However, it should be considered that for a given thickness of the trailing

-edge - it is doubtful whether its minimum value, a, which is determined by the con-

ditions of technolog&y and strength, c~a be decreased, - a decrease in profile chord,

leads to an increase in the ratf'oA~p/a 2 , i.e., the thickness of the edge to the

throat of the channel, and aconsequently, to a giorth of edge losses.,

The Re number decreases proportionally and the relative roughness increases as

chord decreases. Both factors in principle lead to an increase of losses (the Re

number influences both the profile and the tip losses). However, for the first

stage.',.where the blades are low and it is necessarY to-decrease the chord, the Re

numnber is very large; therefore, their influence may be- disregarded.

I the surface purity of the profile is poor, the influence of roughness must be

considered. For this we shall use the materials of the preceding chapter.

Profile losses in the zone of raised roughness, according to (24) are equal to:

Taking A = 0.17, C 1100, and m = 0.25, we will obtain:

0,034.1 (%,)111 b /

For n pecific cas'ade for all, with the exception of chord b, constant geometric

dimensLons (I = const, A = const, T = const, a1 , const), the optimum value of

profile chord can be 1 ,id.
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Numerous experiments of different organizations showed an approximately linear

dependence of edge losses* on /a 2 and a linear dependence of tip losses on 1/i

for not very shcrt cascades. Then the total losses, which depend on the chord of

the profile, will be equal to:

( eb .0111 Ikw)'-* (5D
=K Au, + (58) .:*

=c¢,i' L Y b + i1 b-'1.

Here K is the tangent of the angle of incidence of the straight line C = ;

y is the same, for straight flne O (b/11)

Hence, the optimum .value of profile chord, which gives minimum cascade losses,

21-m - l* n,," 2V") (59)

Let us estimate the influence of roughness on the optimum value of chord in an

example of a TC-2A cascade with the following given parameters: T = 0.6; sin a,

:Let us assume that km = 0.002 - for a polished surface (see Table 4).

Then c = 0.047

b' =0295+] )9o0 + o,1s8i.

When 1= 20 mm, b0or,. =48.7 mm (without taking into account the influence of
2 roughness, bonT 42.5 mm).

If we assume that the surface of the profile is corroded and k. = 0.02, cor-

respondingly, then c. = 0.083. Then at I = 20 mm, bonT ' 54.0 mm.

Thus, the influence of roughness on bonT is perceptible when there is considerable

roughness and in long blades, where tip losses are not great. It should be noted

tha t the dependence of = f(b) in the zone of bonT is continuous; therefore, the

chord of the profile may be selected by inaccurately following formula (59).

For polished and ground blade surfaces, it is possible, disregarding the in-

fluence of roughness, to use the following formula:

-K A-dai/m = x - -(59a)

S Y sin a-'-a

*Edge losses practically do not depend on roughness (see § 4).
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Here bonT and I are given in 6am.

From this formula it is clear that the optimum value of profile chord is pro-

portional to the square root on the cascade height.

Figure 53 gives a graph, which-may be used to'determine the optimur value of IA
chord bnT -depending upon I and T according to formula (59a). This graph wa con7

structed for three MEI nozzle cascades of

grbup "A," TCrlA, TC-2A,-and TC-3A, for

". mean values of A-, and sin a. 9). A more

----------------- 1 ~ ' recise determination of bon for other

Iowa values of-A and a1 .scis easily performed
- -, - HP

Ii----- _ with formula (59a). These graphs are

easily -constructed for any cascade on the

j - -- basis of the available aerodynamic charac-

- -- - teristics.

The optimum values of chord for short

29 - "cascades are higher than those adopted in.

" Io =60 U -' certain steam-turbine designs; for cascades

from- 70 -to 100omm high, conversely, they
Fig. 53. Selection of optimum chord
of MEI nozzle cascades (group "A") are usually applied less often.
depending upon blade height i and

I It should be taken into account thatrelative pitch T: profile
TO-lA; sin a I 8 = 0.22; A~ = 0.56 mn; the graphs shown in Fig. 53 were constructed

profile TC-2A, sin, a on tof

e0.26; H,) = 0,6 mm; o • - on the basis of results of static tests f

file TC-3Ai, sin a, q1  
= 0.31; 1p = two-dimensional cascades; in -reality, ' -

= 0.6 mn. especially in welded diaphragms, the effect

of cascade height will be greater; secondly, turbine diaphragms, especially in the

first stages of steam turbines with high and extra-high parameters, must be made

wider than the optimum profile width requires with respect to conditions of reliability;

therefore, in front of the cascade there is a significantly wide entrance section

that is partially partitioned by posts, as a result of which there Pppear certain

additional losses.

These factors undoubtedly affect the value of optimum chord of the profile;

therefore, quantitative changes can be revealed only after special experiments with

actual diaphragms. Independently of this, the existence of optimum profile chord is

very important.
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The selection of the width, and consequently, also the chord of Un"e profile of

a moving blade, is practically detemined not by economy, but-b:r reliabil-ty. Usually

in the stage being designed, the width of the moving blade is selected on tfie-basis

-of reliability and unification. It should be understood that a decrease of proflle

width leads to an increase of flexural stresses in the blade approximately to the

third power.

A alogous considerations and calculations may also be conducted for a moving

cascade. Thus, for MEI moving cascades of group "A," the approximate Value of opti-

mum-chord, when A = ,0.4 mm is*,

b,, =.41 ', l. .. (59b)

where 12 . is givdh in mm.

Optimum chord can be' found more exactly with the help of the aerodynamic charac-

teristics of the cascade for 'speific values of A.P ,"f 2  , ad and

Example: Let us consider the use of the above-statedmethod for -the selection

of cascades-.

Given: mass of steam per unit, of time G = 90.0 kg/sec;, steam parameters in

front of stage: pressure PO = 50 bar; temperature to = 450°C; speed n - 3000 rpm;

mean diameterd = 0.98; u/ct r 0..8.

The p.iproximate value of

We shall select nozzle cascade TC-2A with profile chord b = 52 mm and trailing

edge A -0.6 mm.

Then i- 7.15.+ I"~ sina S

With respect to the o)timum envelope in Fig. 46, angle aI , = 180 (sin a.

0.309). This angle can be obtained when T = 0.8 and ay = 40; height of the nozzle

cascade is = 23.6 mm.

The optimum value of profile chord, according to formula (59a), is equal to

b.. = 2 .9

*Without taking into account the influence of roughness. If necessary, this
calculation can be performed with formulas that are analogous to (59).
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A more precise determination of does not result in an essential7 Ti., sin a,.Z

change of the optimum angle a1

Assuming .straight shroud and an overlap of 3 mi we obtain the first apprxl-

mation Of the height of the moving cascade, 12 23.6 + 3 = .6 mm.

For these dimensions (d/1 = 37)-we select the mean reaction

According to the heat drop of the stage, hO - 12.3(d/xo= 51.3 kj/kg, iie

determine e 0.84.

Taking p2/a4/ on the nomograph of Fig. 52, we find:

sln ,e 0.560 am p.s = 33.5.

For this angle 12 -St we select a TP-4A moving cascade.

KJ Detailed calculation:

; ISiA @J" ,-1 -- - 7-x af'

The exact value does not require a change of the optimum angle a Then the-s

height of the nozzle cascade is 1 = 22-.7 mm. From the inlet velocity triangle we

have: p, - 35"30 and w1 = 160 m/sec. With the same overlap of 3 mm, the exit height

of themo~iing cascede will be:

s-i - Es sin -L= 0.467.

whence, P2 a = 27.80. Thus, a more precise determination of angle 02 does not

require a change of the selected TP-4A cascade. The angle of direction of the

absolute outlet velocity is a 2 = 99
° , which is fully acceptable.

Thus, the geometric characteristics of the moving cascade are T = 0.59 and

D = 770 . The profile chord is selected on the basis of unification and should be

checked by means of a strength analysis of a moving blade. For the given case, the

optimum chord Is

* A
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Other Wiys of Raising-the Economy of a Stage with Low Heights

For low blade heights, if the technology of manufacture permits, meridional

profiling of nozzle cascades should be employed (see § 5).

0 The application of special meridional profiling in an annular cascade fives a

gain, i.e., a decrease in. losses AC which is approximately inversely proportional

tO T, and can be roughly estimated by the following formula (Chapter I):

• - "0,75 (60)

If the cascade is assembled from milled nozzles, the gain will be somewhat (by

approximately 30%) less.

As shown in Chapter I, the -application of meridional profiling not only de-

creases the losses in a hozzle cascade, but, in lowering the pressure gradient along.

the height in the clearance between cascades, lowers the leakage over the shrrud of

the moving blades.

* If the 6ascade- has a meridional contour, the optimum-chord of the profile is

increased. In this case b.T, which. is found by formula (59) or by means of the 2

graphs in-Fig. 53, should be increased approximately 1.5 times.

Using the results of experiments conducted on e4erimental turbines of IMEI and

KTZ, with full supply and welded diaphragms, it is possible to recommend (for sub-

critical flow) the application of meridional profiling for- tib, < (I to 1.2), and

for nozzle cascades composed of separate milled blades, for IZb. < (0.5 to 0.8).

Figure 54 shows-the results of- investigations conducted -at MEI on a single

stage with meridional profiling-and without it. Dimensions of the stage: diameter

d = 400 mm; Il/b I = 0.28.

As can be seen from the experiments, the efficiency of the stage increased by

Anoi/llOi = 1.7%, and the reaction drop, with respect to height, fell from 7.5 to

i% (at u/c = 0.5).

When designing stages with a unilateral meridional contour, one should consider

that the calculated outlet area cannot be found with the usual formula for
7rdl i sin ai" 3w and will be somewhat larger than it. This area should be exactly !

determined on ?. drawing. We may preliminarily assume that

F, t I,05 dl, sin a

This increase in area should be considered either when selecting the dimensions

of a nozzle cascade (for instance, with a decrease of angle a1 , ) or when selecting -
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a moving cascade. If the area of a

-moving cascade is left-equal to the F.

-• of a stage without meridional profiling,

.t and the nozzle area increases, the mean

" _ -1'-reaction will increase by approximately

3!4%
In view of the great technological

complexity 'f manufacturing a meri~ional

-contour, it is necessary to especially

- carefully c6ntrol the quality of cascade

- -- 4 .......... manufacture, and all the more so for

- Fig. 511. Results of stage investigation such small heights as 10 to 12 mm.
according to MEI experi'ments with uni- For 'stages with low heights, it is
lateral meridional profiling of nozzle
cascade. Cascades TC-2A- and TP-2A: d also necessary to change the moving

' 100 mm, 1 15 mm, I b

= 51.5 mm, a= 15 stage Without cascade, and namely, to employ moving

contraction, F,/F = 1.732 stage cascades of grouP "K" (see § 6), which
with 7 fam contraction, F.F i  1.62; e
PLPo = 0.8 to 0.85, Ree sould be d2one at Z / (I to 1.5).

In this case,. just as for nozzle cascades,

the optimum chord of the profile increases somewhat, which can be estimated by the

following formula for the TP-Ax series:Iib.~ 5 ji -2 (59c)

where I2 and b are in-mm.

§ . CALCULATION OF A STAGE -ACCORDING TO DATA

OF STATIC INVESTIGATIONS OF CASCADES

As already indicated earlier, the determinatio.1 of the basic characteristics of

a stage, i.e., efficiency, reaction, and flow rate, is best performed on the basis of-experiments in a test turbine. However, if these tests were not made, or if they

do not include the required conditions, it is necessary to -perform a preliminary

calculation of the stage according to static investigations of cascades.

Data Required for Calculation of Stage

When carryin, out such a calculation, it is necessary to have the following data:

i. Total peometric characteristic of stage, including cascade dimensions,

"7 relative posttion of cascades (clearances, overlaps, a diagram of the stage and seals,
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and the technology of cascade manufacture. 4
2. operating.conditions of stage:

4+ 1" i*+4 " d, 'p,.

where pO is the pressure of the stagnated flow before the nozzle cascade. K

-The conditions of steam.entry iinto the stage (nozzle cascade): angle of entrance

a O , initial turbulence, and irregularity of flow with respect to height.

If varying operating conditions of the stage are being considered, it- is neces-

sary to know whether the speed is constant or variable. For stages that operate in

the region of low pressures, and consequently, low Re numbers, it is necessary to

know the following tentative values: Re. 61c /v for the nozzle cascade and i

Re z = 2t~w for the moving cascade;

where ci is a fictitiousvelocity, calculated for the entire heat drop of the stage;

is the chord of the nozzle cascade profile;

b2 is the chord of the moving cascade profile;

w2 t is the relative velocity of outlet from the moving cascade, which is
roughly approximate to (w2 t/qc ) 0.7;-

v is the kinematic viscosity, ca, .ated on the basis of final (behind the
stage) parameters.

'More exact values of Re numbers can be obtained after determining the iltage

reaction. For determining the frictional losses of the disk it is necessary also to

know Reu  d-

3. Results of static tests of nozzle and moving cascades:

for a nozzle cascade*

,- I (,, R cc);

1 f(,, Re,.);

for a moving cascaue
L,=RI(i., Rew., Pj;

, (M..,, Re.,, 01);
P I (M,R,, e.,, P,).

*In certain cases it is necessary to know the dependence of a and on

the entrance conditions. 
0 1a
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For a determination of relative blade efficieicy of the -stage 71- and its

variation, a large role is- played by the velocity coefficients qo and *.- If an
action-type single stage is being calculated, the influence-of- the velocity coef-

ficient 'in a nozzle cascade is considerably greater than in a moving one.

Actually, if from the formula for T&.' when p = 0

we take the ratio of efficiency increments (ATIo ) ,and. (Aio )j, which are daused

by corresponding changes of the velocity AT and A*, it wil"be equal to

. (62)
C0,T

For calculation of an action stage, it is especially important to have the

dependence of the velocity coefficient in the nozzle cascade T, which is obtained

under conditions which are most similar to an actual stage. If there are no experi-

mental data on the study of annular cascades, it is necessary to use the resuit

of static investigations of straight cascades 'and introduce a number of correctibns.

It is important to-note that numerous experiments were conducted at MEI under

various conditions: static investigations of two-dimensional nozzle cascades, a

study of-actual diaphragms, and tests in an experi-

-*,m - ental turbine. They constantly show that for-all

__ cascades investigated there is a clear dependence of

ii losses on the M number. As a rule, most of the

24 0.5 06 V as 9-w W pl cascades* have minimum losses at high subsonic

Fig. 55. Influence of M, velocities. An example of this dependence of c

number on losses in annular on M is the curve in Fig. 55, which gives the results
nozzle cascade with actual I
diaphragm (MEI experiments). of diaphragm tests with a-TO-iA MEI cascade with
Cascads TC-iA, d = 531 mm,
L j=25 mm, 1/b =o.48. d 534 mm and =25 mm. !

- -n--the--zone of numbers that were calculated with respect to velocity c1 t,

from 0.7 to 0.9 the cescade losses ei'e minimum and total 8%, while at low velocities

(MI = 0.6) they increase to 11%.

The influence of the Re number on tc was detected by many researchers;

however, the transfer of the results of experiments conducted in static conditions

'(Contemporary cascades created on the basis of aerodynamic research, cons~idered C

in Chppter I. Cascades created specially for operation at M > I are considered in
this chapter.
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to the calculation of a stage is possible at this time only in certain cases.

Usually the experiients in static facilities are conducted under a relatively small-

turbulence, less than that in a turbine stage.

Therefore, if there are no reliable data about the influence of Re on total

cascade losses, it is necessary to consider the influence -of the.-Re-number directly

on stage efficiency, using the results experiments in test turbine&

The losses in an annular nozzle -cascade. that are utilized during the calculation

of a state must be determined by the following foriula: - -

where C are the losses according to experiments with flat cascades;
is a coefficient that cornsiders the influence of flare,. which is deter-

kd/L mined experimentally or by the formula [r15]

killI + A /9

Here A is an experimental coefficient that depends on the configuration and

the method of profiling the cascade; it varies from 5 to 10.

In nozzle cascades with constant profiles, at small.d/i the pitch noticeably

_.,anges -along the- height and in certain -sections T will not -be optimum-. For cascades

having a sloping dependence Cc = .(T), in the optimum zone A = 5, for -old cascades,

A = 10.

kd is a coefficient that considers the influence of shroiui configuration. Coef-

ficient k6 is especially great in cascades with small angles a., when in the zone of

the rcot section the appearance of separation of flow is possible. It is natural

that the influence of the shroud, which represents part of the tip .losses in an

annular cascade, will be even greater, the smaller the ratio zI1 /b 1 .

kTexH is a coefficient which considers tne influence of the technology of dia-

phragm manufacture, the quality of treatment, and the accuracy of manufacture. .,-

ganged milled diaphragms it is possible to consider that kTeXH = i when flat shrouds

are used; it will be larger in welded diaphragms, and especially in cast ones. If

welded diaphragms have a significantly larger thickness than the width of the n .zle

cascade, and ribs are mounted in front of the cascade, then in such a diaphragm there

will undoubtedly appear odditional losses, which depend on the dimensions of the
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dic phx.a!pi, the dimensions of the configurationi and the number and location of the

On the basi. of the, KhPI experimehts [ft1j],, in a welded K TGZ diaphragm (Fig.
.) the dditJonal losses at the inlet section bompose o3%. -i other-experiments

they reach up to ,0. to 1.0%. Experiments conducted

in the LMZ laboratory for a diaphiagm with ribs -and

witout, them did not indicate a noticeable change of'

~i' l ,I. economy. The influence of the technology of manu-

' , facture on cascade, economy is very great. 'A charac-

" teristic experinent is that, of the- Khark v, ' trbine

C AA. Plant. In the, moddrnizatibn of the BP-25-1 turbine,

Ic Idiaphragms of type shown in Fi~g. 56 were first pre-
I I pafed. with certain ,deviations from the drawings.

Thus, the-edges of nozzle blades,, for simplifying.
: ig. 56. Welded diaphragms
of modernized KhTGZ turbine -thd milling of the back of the blades, were thickened

B-P-25-. ,
to 2 mm. After welding to the body of the diaphragm,

the blades were filed, manually for bringing the edge thizkness to the assigned dimen-
sion of 05 mm, as a result of which a thin profile of the 'back of'the biade was not-

onsured. The blade warping detected during welding was corrected by, straightening.

the edges of the blades,, which also led to considerable, distortions of the profile

in -the mount'Ing sitcs :,o theo blades. There.w-ere 'a so cther machining defects. The

nozzle diaphragm and a second one, which was made, without the indicated deviations,

were tested at KhP-., 'The first on6,o as compared to the second, indieated a lowering

of efficiency by 1.3% [88]'.

At certain plants, welded'blade diaphragms have thickened trailing edges which

must be set into the shroud. However, during assembly, due to the inaccuracy of

machining and mounting, there sometimes remain projections of these thickenings in

the channel or, conversely, they may fall into the body of the shroud, as a result

of which there appear additional losses due to the disturbance of flow.

According, to experiments conducted on straight cascades at KPI [i]., total cas-

cade lo;se increase, especially when the thickened ed. es fall into the body of the I

:hroud. Thur, when this 4'all is equal to 3% of the blade height, the cascade losses.

incrvans by p,.

Frcluentnly in the manufacture of new turbines, modernization, and -repair, and (-

1Ino v fri': . rati,,r, many stages of steam turbines have considerable deviations
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-from the drawing,. raised allowanices, and considerable profile roughness; this is un

doubtedly one of the =main reasons why the Jeffliciency of existing turbines, frequently

is lower than that which was alculated.

The influence 6f the technology of dikjjhragm 'manufacture, just as thU Lnfluence

of the shroud,. will' be more essential for ciascades with smill I1 / 1

If 'the cascades in a diaphragm are carried out with meridional prof~ling, it

Aiodld' be conisidered by -the coefficient k uep*

Figure 57 gives at graph of thie coefficient k.Inasmuch as- experiments with

actual diaphragms of various types and dimensions are still very :fevi, these'-,graphs,.

which-were constructed on the basis cf separate 'experi-

15 -meits, are not univeirsali but.-only tentaitive,, and will1

- 4be substantial as mnore-expierimental material is

collected.j

- -If there is the ,pqssibility of constructing a

- depeandence of losses along the height of a nozzle cas7

cade as was donfe, for example, in. Fig. 263, the mean
Value of the loss factor for the entire -cascade shouldI

~ ~. ~ ~ ~ be found- by inteigration,(certainly,-,approximately

Fig,. '57. Graph. of the de- 'graphidally),, taking into account, the change of the
pirndence of correction-
faictor k, for annular cap- flow rate along the-,height. For this, the cascade is

ca~.divided intQ~ stibeams of eqrual-height- Ar and- find- (i=

41-7j is taken for each stream., Then the mean Value of (P VT is. found

by the formula I ia~w~jrr4

Here c1 and vare take~i to be. variable with rcisp~ct to height in connection

with the change of the ieaction, while angle a1 (and a1 1), with respect to the

Pcasen o characteristics depending upon t~In zones of increased losses, angle a1I

In~ r vator Waizn according to the characteristics. In most cases, can be deter-

inixeeu: by the t'ornula

rV -y' A
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The angle p exit T iom the hc e -.cAscade, -ajas shown 7earlier.-ies both with- I
respect tthe ight, an lowith rdpezt to he-pitbh of-the cascade, C

The change of the outlet :Afgle with re-pect to height 's determni e d ipar.artle~lar

-by. the tip phenomena'. This question was investigated in detail atj!EIj TrcKTI, and

- other organization's._ The Jabanes6 s6bienjt oi[ii

I 'T-- derived a dependence -of the deviation .of lhTtiet

.angle a - a' (here a 4s th4-outlet,'anle at a...s-
, i tknee: from the- ehd- walls- wer6 theirn- 1nluence does

" _, "- not show p. Figure , -zhews. -the-results 6Oa-,.a aalcu-.

29 ~j V lati.n w th Comi's fIs mula. For a xnozle cast&de with,

Ipitc'i t =1; mm, angle a, inea in -6 zone of 10

tb 25 -mm. from the wall, whereby its greatest increase

r " , ''* "  7" - is attained .when 1/t,= 0.3, and equalsbd = o: -F0r

Fig. 58. Determination 6If moving cascades, thb-deviation of angle, 2 -
tip lQses at a distance of reaches tp to 80 '(at an inlet angle of 130

,Y/ = 0.5 firim a restricting
wall depending upon a0 and' Figure 58 shows the %big.,est ,deviation of outiet angle

a,. a, - alt, depending upon the ,fie1t and outlet angles.

The theoretical research. is well substantiated by experiments.

During the balculation of at stage, the mean-integral valie of ,the angle, a, is

introduced; it is determined by cascade investigations in stat c conditions... It

should be pointed out that the determination of tWe cross-sectional area of nozzle

dascades In a turbine cannot be performed for angle a,, which is obtained on- the

basis of preiiminaiy investigation -. The -aea- of the outlet :(throat) section of a

nozzle cascade should be taken from a drawing or from measurements as the sum of

the minimum (throat) cross. sections of the cascade channels. If,- howefvr, in the

determination o" the steam flow rate, the a-rea is calculated through sin ai, then

even a small error in the magnitude of the angle may cause a change of the operating

conditio.ns of' the whole turbine.

Thus, during tests of turbine BP-2-i, the I error in the determination of

anple aI led to a lowering (at the same steam flow rate) of vapor pressure in the

chnmber of' the regulating stage from 63.5 to 57.2 atm (abs), a corresponding in-

crease of the heat drop in the regulating stage, large throttling in the regulating

valve, and finally, to a lowering c.' turbi ae efficiency as compared to that expected.

Everytling stated above pertains to conditions of subcritical flow, when the

directlon o' flow, I.e., angle a,, may be approximately considered to be constant.
p
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if t-here are no experimeital data, ifile a1 should be detenained ,i!'th the formula

-for the so-called-effective angle (se,; Chapter I)

Foraniul.r cascades' a2. 'and t" are taken on: the -mean diameter.

With -the use of. this formula it is poseible to-calculate the. cross Seetibn of

a cascade With- respect te oq . -If it appears that the actual, angle a1 may differ

somewhat from the effective one, it will not lead to -a significant error -and- will

affect the magnitude of stage efficiency to, a small extent, and the effect on the
magn tude of the reactioni wil. 'be very isignificant. An error of 'V° in the 'deter-

mination of angle a, 'gives an error in computing the reaction by aptroximately, Ap

- 0.005 (gee Fig. 51). The-influende of a ,slight inaccuracy in, the determination of

angle cg on the conditions of the flow aroiund moying:.cascades also is smaii. Fcr

stages of -the actin-, typ-e, an error ,of bia 10leads tdo an error in the determination

'of the angle of efitrance to-the moving cascade .of approximately ba, =.2 to 3° Which;

especially for contemporaky aerodynamically developed cascades, will not laad to a

noticeable, change, if -the losses.

,Hwever, -dne should not forget that a noticeabie error in angle aq, especially

in the root sections- of the diaphragm, and an error lh the determinatibn of the

reaction, can lead tol a perceptible deviation of the actual angle from that

-calculated; -therefore, -a moving dscadb ;should operate sufficiently stably in a

certain zone of variation of the entrance- angle. With a supercritical flow in a

nozzle cascade there takes plc'e a-deviation of flow,, in the slanting shear of the

ascade channel.

The values of' the 'low, rate coefficient I. f6r a nozzlek:a-a6scade strongly affect

the determination of the cascade's dimensi6ns, (or with given dimensions, the flow

rate), and'alsd the degree of reaction. For a number of turbine cascades,, the flowo -

rate coefficient can be taken on ,the basis "of the aerodynamic characteristics or,

even better; on the basis of tests of actual annularcascades.

An investigation of an actual diaphragm, which was conducted at ME1 in super-

heated steam, showed an approximate coincidence with the results of investigations

of this diaphragm in alr. Of much interest was the clear dependence of the flow

rate coefficient on the Re number, which was obtained in this experiment.

In a welded diaphragm with a TC-2A nozzle cascade having the following

dimensions - mean diameter 400 mm, nozzle height 48 mm, profile chord 52 mm, with a
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-variation of Re number, calculated with; respect to velocity ct, from 2 05 to

1  
P4.7'!O, the flow. rate coefficient c6ntinuously,increases,, practical- linearly

froff mi 0.955 toil =,,I.97, i.e., by1.5%-

For the calculati6h of a stage, beside3 the characteristics of the nozzle cas-

cade, the -characteristics of the moving cascade are necessary. !

The influence -i tW6 additional factors, -whih :are, - sually ifmmaterial Tor -

nozzle cascba,,s, ±s specific In, the characteristics,,of moving cacades. These-

factors, are the angle of-entrance to the. working qascade, angl&-j3, and the ,overlap.
Achange of angle p, und-ubtedly has an influence on the reaction. Of the stage.

IfoweveiK as will be shown later, different,vie:s on the character of the direction

and the use of the velocity- of entianeeto -a moving'asade do not dgive an essential
di~~~~fcrencc~~~~~ -i th eemntokjfh g,0 eiction under varying operating

condition3 of a' ste.

The hiecessity of calculatingh ifriuene of all side factors with, the help,

of i correction factoi is obvibus. This correction factor-must, also include ,the

influence of periodic ;instability on the entrane to a moving cascade.

Thus, in calculating a stage, one should introduce the magnitude of lossec

-in- the miovinr cascade 'Ath -bhe following, formula:

S= (65),

where arn losses obtained as a result of tdsting fiat moving cascadei;

Ic is a coefficient that considers the influence -of flare, -overlap, and the
I technology and accuracy bf manufacture. -

Sk =:1 1~ to -i. 4.

For calculating a stage, ,one should know the anle of exit from the moving

cascade, 2 Everything stated above with respect to angle a, can also be: referred

to angle B2 Both for the nozzle cascade, and also for the moving one, the deter-

mination or the cascade area or flow rate should bp perfoi.ned not with respect to

angle , but according to measurements of the minfmium cross section of the cascade

or with drawings.

T there are no experimental data, the calculation may include the so-callee

• effective angle (-see Chapter I)

, " ,, =arcsin -'°
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-nder --suPercritical flow conditions -and with a subsonic, ent&:- to the

cascade,* oie should-consider the deflection of flow in the slanting shear of the

channels- of t moving- caoscdes

For- the moving -cascade, -it is neces3ary to consider the influence of velocity,

i.e., the ." nukbe,, which is given in thL aerodyfiaini characteristics of theI

cascades.

Unfortunately, the, materials on flow rate coefficients in moving, cascades V2,

specially for actual .conditions (in annular cascades ajhd -high inlet turbulence-),

are stili very limited (see § 9). At, the same time,, the influence, of the flow rate.

coefficient , 2 on the stage's reaction is very great, and its influence. oa the -area

of the moving and,nozzle cascades is very great throughout the reaction. The in-

fluehce of., on, stage efficiency is insignificant and shows, up only. indirectly

on the steam leakage, which- is determined by ,he reaction -of the stage. The influence,

of t6. reaction on steam leakage is discussed in the following paragraph. -

In the absence of experimental data-, the stage calculation should include the

value of -the -flow rate coefficient 12 = 0.95 (for gases ajid superheated steam).

The Order of Calculation of a Statge

After the selection of cascades and calculation of their dimensions, the stage

is calculated, which- includes the determination of the reaction and efficiency.

i. Reaction- of stie p. For calculated stage conditions or condition that in-

significantly deviate from calculated-conditibns, i.e.,- at the angle of entrance to

the moving cascade pi and especially with the velocity ratio u/c , which are in

the optimum zone, the stage reaction can be determined with the fcrmulas and graphs

of the preceding paragraph. For steam leakages in a-stage, which vary the magnitude

of p, the stage reaction should be accurately found by 'uing the materials of the

following paragraph. If the flow in- any of the cascades is supercritical, the stage

reacti6n is determined only by means of a detailed calculation 91f the stage from its

final ,state. An example of such a calculation is given in [82]-.

Fo- determining the reaction of a stage, it is necessary to know the calculated

areas of the cascades, F and F . The outlet .areas of the cascades, if they were
2

not determined beforehand, may be found with the following formulas;

F ,= :, d, sin oA ,,
and

( ) F, : d fl in . (66)

-xSupersoiic velocitlcs of entry into a cascade are considered in § 8.
-121-
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5} Furthermore, it is necessary to know the pressure ratio in the nozzle cascade,

e = p/p O . In the first approximation it is -1 '. z ipP and after determinig )
p the value of ei is accurately determined, and then (the second approximati6n) the

j -reaction p is found again.

- -For -small stage reactj ons it is ossible to- use the approximate formula

~i i
F.r a --alculatfol, of' the -reactibn. it is necessary also to know the magnitude

of the ,velocity coefficient ih the nozzle. cascade, 4, which should be determined

depending upow e.

2. Relative. blade efficiency. The :relative blade- efficiency i0 or, as It is,

frequently called, the ri efficiency n, .considers the cascade losses, including, the

losses at the entrance to the cascades, losses c6inected ,with overlaps, the- axial

clearance between cascades and theintn;Terence of the cascades, -and losses .with

outlet velocity.

The efficiency non can be determined with the help of velocity triangles and

analytically, with formulas. The -determihation of no by means of integral curves

obtained ds a result of investigating-stages in experimental turbines i's considered

in Chapters IV andi. X.

In coinectton with the fact the literature references contain different con-

cepts of stage efficiency,- or to be more exact,. available energy, it is-necessary

to indicrzte which efficiencies our discussion will include. Following A; V.

Shch~eglyayev ,6], 1).v the available energy of a stage we shall I mply the following

quanti l;y:

Ea4+

where 0 S C ± is the utilization factor of the kinetic energy of the outlet

2
velocity, hc ct/2.

Below, based on the results of. an inVestigation of stages in an experimental

turbine, we nhall consider two extreme cases:

' .41. -0, F ,--, +hO.

I hen the otafge off Lciency Is desugnated (1 o

n. -iU
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Tfien th stg,efi cn As deinae as - -

o 4x

I ke + k1 /ca hi(68)

4and- for ,a- ,control of the stage efficiency, -with-res~ect to the circular components

of Velocitie6s

s(e, ctA, + 'g cm.3)j
IuuAi42) *(70)_

In--the-use of' the outlet velocity, we determine ilolwith formula '(6 8).

It is possible, without detailed calculations and construction 'of velocity

triangles, to- estimate the effficiency of an action- type, stage, q~ in design con-

ditions oil the basis of the known basic

7T.' 6haracteriitib5,. iv tthe first place, 'it is

* '' 'necessary konowthe veoiyrtou/cj),

Z -and the, velocity coefficient 'of the' -ndzzle

-. cascade _4. For-'this estimate it is possibe§

to use the calculated graph in Fig. 59. It1A fl4L'li~ vAoiyce.
-I-gives, the deperleInce of stage efficienc'

1.'on the velocity ratio u/c~ ajid- the

V. 7.9 -calculated reaction on the mean diamet'er pp

4W' 942 444 40; OW 00W '(4D& W The graph wag constructed for vlct o

Fig. 59. Dependence of the efficiency ficients of'q = 0.96, *t"' 0.90, dos a, 0.97
qHof a single stage on thle velocity

ratio u/ct and the molan reaction p and cos 2 -0.90.

when:- qP 0.97, ,' = 0.90, c ,os a, It is interesting' to note that on the

0.97, cos D2 =0'90. three curves of this graph, which were cal-

culated for diffe'rent'values of the mean, reactions, i.e. , pop =+40.1 P..p= 0, and

pp = 0.1, the maximum value of efficlency turns out to be the biggest during a

negative reaction. This is connected with the fact that the velocity coefficients

( were assumied to be tj..eendent of the reaction and the velocity coefficient of the
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nozile cascade was assumed to.be grearer than that tnhe moving one, >j'. Thus

as the reaction decreases, -an increase of the diop to a more economic cascade leads

toan increase in'efficiency. If 9 and t are identical or- close, t'ke influence 6f.

p On Ta 'is practically -imperceptible in, the calculaticns.

For other values of €; 4' a, and i in-additionto the graph ii Fig. 59 the

folloiing formula, rhich' accurately determines the value -of o" should be used.

Varying Prformance o'a Stage

Variatioh in 'the performance of a stage can be reduced to the vari~ion of

three characteristics: u/c, e, and Re.

The influence of Re number is considered in' § 18. In the calculation of a

stage, the change of the 'Re number may be conside.ked if we know the characteristics

of the cascades invdstigated under conditions close to actual. In most cases it is

first n6cessary to assume that the stage operates in a self-similar region, i.e.,

that the Re number practically does not affect the characteristics of the stage.

In turbines with constant speed, .the quantities. s and !u/€e are interconnected:

if s changes, there is a simultaneous change of u/c' . Since usually during varying

performance of a turbine the temPeiature of the gas tbefore the stage-varies insignifi

cantly, the chang6 of x = u/c. may be expressed through the change of'.s:

where the subscript 0 corresponds to design performance. At variable temperature,

formula (63) has a somewhat different form:

#, Y To

be For stalo: with constant speed and constant initial temperature, graphs must ,
be cona. u(t(.d to Ullustra~e the efficiency of tile reaction and the relative flow

rate, depending, upon u/c or depending upon e. However, such a graph will not be



universal, slnce- various tiaees at the same c can have different ratios u/61).

-x Consequently, this, graph iwll correspond to a stage not only with specific geometric'

characteristics, but also with specific physical paraketers;

Hence, it -is clear ,that it. is preferable to construct a dependence of the-

basic characteristics of a stage for ' const and u/c, = vat and have a series'

of curves for -different -e. In most cases, stages are, investigated in fexperimental

turbines in the same manner. I

Having such a universal graph,- for a specific stage ini accordance with its

cbmputed values of u/ct and s, it is easy to recohstruct the series of curves into

one, where 11 and'p are functions of -bnly one

__quantity (u/cq, or e). Figure 60 illustrates the

*primary and fin~i graphs of efficiency for one

. stage. The thin lines correspond to various ex-

periments that were conducted with e const and

n = varin a range from = 0.8 to e 0.6. The

heavy- curve denotes .the recalculatin of these

experiments for n-= 3000 rpm = const, .u _-204 m/sec,

and initial parameters p0Vo = 300 kJ/kg.

It is interesting, to note that the resultant

. "curve when n= const is essentially steeper than

Fig. 60,. Dependencti of-stage
6dfficiency on velocity ratfo •hnahY e conat, and the optimum ratio V
u/ct according to results of increased from (X )o T 0.1 5-0.f7 to (X )OfT = 0.5

experiments in a test -turbine- I

for: n = var-and e = corst - when n - const.
(thin lines); n = const (t -
heavy line). The sane,series of',graphs of To depending

upon (- and i, Is also constructed for a turbine with a variable speed, where n

and ho are interrelated.

If the efficiency of a -stage during varying performance is determined nt by

the results of investigations in an experimental turbine, but by means of calculation,

it is necesoary to knbw the dependence p f(u/6, e).

Let us Lind a dependence that would allow us to estimate the vaiation of ,a

stiags reaction (a formula is derived for the case of subcritical flow in the ca6-

eades of a stage).

From the continuity equations for the outlet sections of nozzle and moving cas-

cades during calculated and varying performance, we will obtain:
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A'ssumfng that (gL /IL) (pg=O and allowing at first that(v/vt I
=(vt/to) we shall conduct further transformations,,proceeding fiom the formula

Considciing that -he rclativ:eentrance velocity g,=E T , . is completely

14 wl c2,+u'-2uci co 6, - ) + 0 iffcos aX

we Ailr obtain

ACi 9'I i#2---24cos a,-fFX IQ

and-

_____ #~l--Q)+ A2+4 - 2qa cos a1X.-I-
T-Q es ( -. + x*+Qes- 2T cor~.VQ

cshi Ll des Ugnate

adassume ta

(f coast- and cosu a, const.

"Phori disregarding the bermns containing ( a ndate nmero

t-b iVormatlons we will obtain a square depen4,ince of Ap f (Axv/%~):

where
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The dependence of A' and B on x and c cos q p0 is given in Fig. 61.

For a rougher estimate ,f the reaction variation, the-following formula may

be used:.

and for small changes ofAxp the formula may be further simplified: I

AL £I4~(75)

A. -

It is interesting to note that an analogous deri-

i vation of the ,formula for the reaction variation, ,which

A-was performed earlier [83] on the assumption of using

not the velocity wI in a moving, cascade, but-only its f

component directed at the design angle of entrance

AU0 gave practically the same result.

SLet'us derive-a formula for the reaction variation

when u/c1, = const ahd-.e = const, and the variati6n of

- -- the area ratio f = Fi/F2 from the rated value of fo j
a'~~/F - 0(1 Fo= .(111/12j) 0 .

The continuity equation will "- written in the

) following form:

Fig. 6i. Graph of the
dependence of A and B
on xo 'nd acos a,'--. VWe shall desi'nate p= pb + Apf, f =f 0 

+ Af, and.

(for computing the vari- 0shall that = fo+ 2foq. Then, by analogy
atlon of the reaction of we s a mh t f 2  2
a stage, with the derivation of formula (73),, we will obtain:

S A/ (76)

where

1+V

The cooffictent Kf - 0.55 to i.0 and depends mainly on the value of x, and

decreases as. it increases.

At a~constant velocity ratio, a decrease of e, i.e., an increase of the heat

drop in the rtage, leads to an increase of the stage's reaction. This important
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conclusion, ,which was noted in [8]in 1955 ad ropea-edly confirmedby experiments

S on a test turbine at MEI, is almost never used during thL calculation and design

S of stages, cpecilly regulating nes. When applying one cascad-,ombination or

another, 6.d in particular, standard combinations of .double velocity stages, that

fact is not taken into account that the stages reaction under other-conaitionsmaLY

be essentially different. It shouldbe added that a change of the pressure ratio in

the stage leads to a change of the stages rea!tion also due to the influence ofthe

M numbers on the~coefficients of velocity and flow rate. For a quantitative calcu= j

lation of the influence of e, it is necessary to-.perform a detailed calculation of

-the stage with the Use of the com.-plete aerodynamic characteristics of the cascades-.

Figre 62 shows the calculated dependenceof the reaction varli tion and ex-

gerimental data obtained in an investigation of stage.HA -2-3-A for mean diameter

Ii

d = 400 mm and nozzle height 1i 48 riiii.

~Tests of this stage were conducted-in

,-Aan experimental steam turbine atMEI.

cn The reaction was measured at the vertex

stn and at tthe cascade ls aan

be seen from a consideration of Fig. 62,

Sthe calculation with formula (74), gives

sufficiently good coincidence with the
c i ke ; i a experiment for different pressure ratios

n e t and Re numbers in the stage.

i d It should be indicated that in this

, case there wefe no steam ieakages into

Fig. 62. Vadation of stage reactgon the open clearance on the ,root diameter

i PO depending upon Ax/xo in the root of the stage (or they were no more than

and periphhral sections of stage MEI 3.7%)e r and over the blade shroud, owing
F-2-3A: line - calculation according

Lb formula (74t); points of MEI experi- to good sealing, the leakages weresmall.
ments for div'serent e, Re (p. = coost),

and -- G. Many other experiments confirmed an

approximately linear dependence of p

f f(u/c )
Example of stage calculation:
Before the beginning of the investigation stage me-2-2-A in an experimental tur-

bine having MEI TC-2A ardTP-2A cascades, mean stage diameter 531; mam, height of {
n o:zlo kancadv 2) m, and hei-ght of moving cascade .8 m, a calculation of the stag

was |errol' Iled.
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The reaction of the stage was. determined by means of the formulas and graphs

'of' this and preceding paragraphs. 3ince the relative magitude of the clearance in

the seal of the blade shroud was not so small that we could disregard steam leakage

and its influence on the reaction, the latter was considered specially, by a method

considered ii the following paragraph.

%J

-e.A.

, ,- ,

N-b

Sa .b { .

Fig. 63. Graphs of the dependence of losses p of
angle, Pi on the velocity ratio /c and the pres-

.sure, ritio e by means of calculation of stage
KA-2-2A:, a " main losses C c C ' C ;, b - angle

0" when s = 0.5 and :0.7, and also additional losses
when e 0.5.

Figure 63 shows the losses in the 'nozzle; and moving cascades and the l6sses

with the outlet velocity with respect to the available heat drop of the stage., These

graphs were constructed by the above-described method, whereby the losses in the

nozzle cascade we found directly from the results of tests of an ,actual diaphragm,

while the losses in the cmoving cascade were obtained from the aerodynamic charac-

teristics, taking into account the correction-factor kn = i.i.

These graphs were constructed for various pressure ratios e = .7 ,and e = 0.5,

where it is distinctly seen how the losses vary, depending upon u/c and s. The

graphs of efficiency Ion = f(u/c ) for two pressure ratios turned out to be

different. If the maximum efficiency qax in the range from e = 0.7 to = 0.5 wa

almost unchanged, then the magnitude of optimum u/c was somewhat decreased.

For e = 0.7, xOnT = 0.5, and for E = 0.5, X fOnT = 0.54. The losses in

the nozzle cascade when E = 0.7, depending upon u/c, vary in the range of 0.2 9

g u/c 5 0.6; hc/h0 varied only from 9 to 7.4J%. The pressure ratio in the nozzle

*1) cascade varied from ei 1 0.65 to el = 9.73, i.e., it was in the zone of insignificant
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influence on the cascade losses, where the velocity coefficient 9 decreased from

0.961 to 0.958. Q
When E= 0.5, avariatin of u/c from 0.2 to 0.6 corkesponas to a variation

of e from 0.15 to 0.59; due to this, there took place an increase of the velocity
! oefficient "p from 0.941 to 0.959. Taking into account th6" fact that at small

u/c the drop tn the n60zle cascade is larger (less than p), the relative magnitude

of these losses he/bo decreases from 12.4 to 6.6%, i.'e., almost twice.

The vek city coefficient in the movingS cascade * varied very little, since the

'2number for the moving cascade was almost constant, and thus, 7P is influenced

mainly 'by the inlet angle 13,. The graph in Fig. 63b shows the change of the angle

01 depending upon u/cq and 'e. It depicts the zofne of optimum angles -1 for the

given cascade, and consequently, the zone of the highest coefficients 7P.

A comparison of the results of the calculation of this stage with the experimen

is shown in Fig. 641. inasmuch as the experimental efficiency of a stage includes,

besides the above-mentioned losses, ,also

i. losses -due. to frictibn of the disk and

410 -- shroud against the steam and the losses

475- -/ ~ . - due to steam leakage over the shroud, such

4 . C - - -Va. comparision could be performed only

after, calcuiatingthese additional losses*

- (see Fig. 63b).

__ , The .graph in Fig.64 showed a good.

-' - - coincidence of' the calciulation and the

at 0.V 425 0V 0.35 44 05 0 5f u/, experiment that was conducted in the experi-
Fig. 6;. 'Graph of the dependence of mental' stbam turbine,, not only with respect
efficiency T10i on the velocity ratio
u/c according to experiments in an to maximum efficiency, but also depending

MEI test turbine for stage M,-2-2A, upon u/c ) and s, which is very important.
d =53 mm, = 25 mm; I= 28 aim;

calculated data " lines: - solid for § 12. CALCULATION OF ADDITIONAL LOSSES'
6 = 0.7; --- broken foi E = 0.5;

i  ; experimental data - points: A - for The above-considered relative blade
E= 0.7, *-for 6 0.5.

efficiency q does not cover all ';he

losnes Ln a 3tage. In a stag, there appear additional losses; taking into account.

the'sc losse., the ecomomy of the stage is estimated according to the relative internal

( 'fLi ioney

I ~~'J'lj nlcihod , of deternilnLng the frictional and leakage losses is given in thle -

t ('01Po LoW i tigl s,' " I .i,).
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In a stage with complete gas supply, the additional losses are connected-with

-the following phenomena:

a) friction of disk against gas Tp;

-b) friction of shroud of moving blades against gas p6;

c) iakage past nozzle cascade -(leakage,-through' diaPhragm sealing) C

d) leakage or suction through.perlpherai clearance Cy ;

e), leakage or, suction through root, clearance, of stage Y'

:Disk Friction

in the literature [119, 126, and 1341] there are. many materials that theoreti6ally

and experimentally consider the frictional losses of a revolving disk.

A problem concerning disk rotation is considered theoretically. A disk with

diameter- d revolves with angular velocity w in a closed chamber. The distance, from

the lateral surface 6f the disk to the chamber wall is s.

During. rotation, of the .disk, particles of fluid that adhere to the .disk are

attracted by it, and then ejected to the periphery. In the closed chamber there-

occurs a merildionai flow of stam.

The moment of friction of both lateral surfaces of the disk is equal to

1. 4 - . ndI. (,78)

Considering the density of the -fluid on both sides of disk to be identical, we

obtain the determination of -M, which means that the frictional losses depend only)

on the magnitude of the coefficient CTp"

Theoretical and experimental investigations showed that the coefficient CTp

depends mainly on two characteristics: the Reynolds number Reu  ud/v, where u

=1idn/60, and the relative clearance s/d.*

For Conditions I, i.e., completely laminar flow in the clearance [1341],

*In the zone of raised roughness -also on the relative roughness of the disk. .)surface.4
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For Conditions II, I.e., laminar flow on walls of disk and stator, but -with

constant velocity between these two layers [134] - with an infinitely large gap s Di.

' c., =3.68Re;-1.

For Condtions III, i.e., turbulent flow [154],

Ci 0.9622 (sl)-"'/ Re-'/'.

For Conditions IV, i.e., turbulent flow-with- separation- of boundary layer,

encountered at large R6 numbers:

c=0,096 R';115.

The use of these theoretical formauias- -equires an experimental dheck and a-.deter-

mination of the bouihds of the conditions.

Experiments [134] showed that bounds of the conditions depend on Reu and s/d'

At the Reu numbers and-,s/d that are practically encountered in steam and gas

,turbines,-w6 are concerned only with>_donditions III and IV-, and taking into account

the actual flow in turbine stages, when -there takes place leakage thrugh the dia-

phragm seal, only Conditions IV.

For conditions IV, Dai-ly [i34] gives the following empirical formula:

Ci = 0,O02 slM '/, R%-%i. (79)

.Converting the formula for the moment M, we will obtain an expression for the

power expended due to friction:

Nip B O._ 2 kw, (80)

Whore u m/sec, d is given in m, and vi is in m3/kg,

-B 0 ,2 (s/d,)'1,.Re,- 1& (81,)1

The relative mgnitude of frict;ional losses will be found in the following

wny N

Nmp Auld.'
cm. ( -h = - (82)
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After approximately replacing G'v1 - F1c, Iand considering that d = d - '

we, will obtain:

1 ___ ,* (83)

where F is' the -outlet are~a of the nozzle cascade.

Figure 65-presents a, graph for B = f(s/d. , Re'J. In the zone actual Reu,

numbers and s/dX for steam turbines, the coefficient B varies from 0.3_i0- 2 to

1.5.10-2

1 It is obvious that In reality the-friction of

S-- U -'. _ turbine disks will also be influenced by the surface
,I
lIII 1I 1 roughness of the-disk. Therefore, the proposed

-formula is approximate, but it is better to use

- - I 1 this substantiated formula than purely empirical

!1 I - -dependeices, or more complicated, but not more exact,

- formulas [J48, 117, 17.

1 -1 Disk friction does not.occur over the entire

IIIII I IIIIsurface 1Td2/, but-over the surface 3(d -

is a, * .' , __ where dET is the boss diameter. If into the formula L

Fig., 65. Dependence of coe f- for disk-friction losses we intrbduce an accurate
ficient B on Re and s/d for

dis determination, the, coeff icienit CTmust be, multil1ifed
computing the losses of disk dPemntIf, h .'

frctnaainst steam, by the quantity [! (d.Idx)5 ] this actor differs

little from unity (when dB7dx. 05 it, -is equal to'0.97) and it may be disregarded.

More ifinortant is the presence ,of free cylindrical and conical surfaces on the

disk drown, which increase the frictional losses. With the formula proposed -by

C.. Flugel- and converted by analogy with (71), we obtain an additional frictional loss:

,n
N 0.2 )iy -'kw pt~)V

and

3-1-,d'l (85)

where Yb is the total length of the free cylindrical surfaces of the dt,'.

Frictional Tosses of the Outer Shroud Surface

Thee io';sc. can be determined with the same formula which was used for

frictional ,lones of the cylindrical surface cf a disk. However, in (listinction
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frok the disk, the surface-of the shroud, cannot be hydraulicaLl , sfiooth; therefore,

the -numerical coefficient in the formula for . should be increased. We shall

as~sume that It is equal to 6i103., Thenk

I 4 ba 1031 '(86)

IHerc d6 -d I. is the shroua diameter aid b6 is the axial width of the-shbuod

(for a double-4im disk, the width-of the shrouds of two moving cascades is

summarized).-

In order to illustrate the values of the total frictional losses in a stage

(friction of disk and, shrouds), Fig. 66 shows a graph of the calculated losses

CTp + Tp + CTp.6 for a B(-50 turbihe (for4 turbine calculation, see [i26j]).

Leakage Through Diaphragm Seal

-In- a turbine stage a certain quantity of

the working medium G y inevitably flows-past

- -- the nozzle-cascade. Not considering the

l I possiiiility of gas suction into the moving

cascade and -the influence of this suction onUS I
the economy of-the stage, we shall consider

3)- J #,-5 l~-7 Se ntujer-i" # , -. -, - that -G -is -lost -and- -does -not particip.te

Fig. 66.) Sta numbe in the creation of net uptput. Thh the

Fig. 66. Frictional losses of a
disk and shroud against steam for l6sses connected with -thiO leakage will be
BK-50 turbine stages.

e~lual to

-- 6.4 16A, '(87),
'Ailn- into account the relativelysmall magnitude o -- , , we shall find

appi-Ox~mately Y( 12i I6 ]:

Hlere Fy rdy 6y In thv annuilar area of the clearance, F i is the area of the

nozzle aecade, zy Ls th~e number of clearances (strips) of the seal, ;.t, 0.97 is

the fi a rate coefficient In the nozzle cascade, and tLy is the flow rate coefficient

In t~he neal v l. ar~ance. It may 'be taken from the MEI experiments [97]. The dependence

orl Ity on l.h( shii.,, ,~ and i11monslont, of tho clearance i~s represented in Fig. 67a. If

Y-i34-
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the seail completely decreases the-speed-after every clearance (stepped or branched

seal)', then-k = .For.A-direct-fldw seal it is possible to'use the formula ofy
0. S. 4SaioyloVich [82] or Fig., -67b.

JI

44 I J

451 A

.4 OF f 3- " 04#4

4" a)

-A As4P4.-*L

F4-,6' Cofii t for caclto ofstgleaage a - flwiiecoficet ytho
c~ici6 actrI d I rc-lwb yYI

s- -s -ha sai- - dpnec tte

-a Plekgetrog axa1dprpea laacs
rata 67.a Cof icieht. fralutinosag

The eta leIvegtigain o low ri t h oeffins tht i eapae rcnl 14
lo aclttgsabyrefint n eal e ofn s-1ve fte mlns ftelse

Y niaoanrug simceane dsuepensding upo the incuaydeemnn
thesicleaofaneei6ncduringeoperation. ~Y orcinfcb o ietfo ay
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Deakage or Suction;Through Peripheral 'Clearance

The Influence of leakage through the periphral clearance near moving blades ,.in

stage economy was noted very long ago. Even in the well-known KhTGZ graphs [17j for

determining the efficiency of stages there were corrections for the magnitude of

q the banding cleaiances; -in 1941, Hr t mann's experiments (143] on an experimental

turbine obtained a change in stage bffirency that depend~d-ipon- the clearance.

Durir. leakage of steam past moving blades there is a change. in the reaction.

of the stage. The effect of leakages on the reaction was disdussed in detail in

the book by G. S. Samoylovich 'and B. M. Troyanovskiy ".Varying Performance of Steam

ITrbnes [83] and was later -confirmed by experiments at, MEI [29, 35, iO0], TsKTI

[47,], BITM [-5], NZL [48], and others.

For 9tages with n6nbanded bladdi, which are encountered in ieaction turbines,

the influence of peripheral leakage was studied by iiany researchers [47,, 49, 96,

and others].,

In principle, in a peripheral clearance there can appear both leakage, andI

also suction. Howev&r, suction will: occur only in a negative and a zero reaction

pri the perlphery; which is possible either during varying performance '(with' small

u/ct ), or with poor stage designing (very large FWFl).. 'The usual case is that

of leakage.

Let us consider the factors that influence the magnitude of this leakage 'One

of thet is the reaction on the periphery (calculated, i.e., without leakage), which

depends mainly on the geometric characteristics of the stage: F F and d/1, and

the design parameters = P2/pO and u/c (the influence of the Re nuxmber, which

tay., place only in the last stages of condensing turbines, is not considered here).

For cylindrical blading, we shall find p by the formula

II

whore I,,,- Is found according 'to the data in the preceding paragraph (see Fig. 50),.

whrther, leakage depends on the dinensions of the clearances shown in Fig. ,

I.e., Lhe 3o-called open clearance 6a, the radial clearances 6p above the band and

also the flow rate coefficients through these clearances. These clearances may be

reduced to an equivalent clearance: (9
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Here is the flow rate coefficient in the radial clearance: according to Fig. 67a;

ky Is for -a direct-flow seal, taken from Fig. 67b-

z is the number of radial clearances;

aAis the flow rate coefficient in the axial clearance, which depends on the
the shape and magnitude of the clearance, the overlap, and angle a i .  1-

Unfortunately, the various experiments c6nducted on experimental turbines, do

not giVe clear and c6rresponding recommendations on thi. quantity 4.a" Until more.I

reiable experimental material is collected, it is ,possible to use the graph in i

Fig '67c '[6 1", where p is taken -from Fig. 67h,, and At- is the external overlap (see

In the first approximation it is, possible to assume that gp = 0.8 and p, 0.5.,

Then

= !(90a)

Losses- due to leakage over ,the band of a movi:g>,blade will be found by the-

approximate 'formula

Here p is the actual reactioh on the blade periphery which is determined

:th leakage taken into account. It may be found on the graph in Fig. 68 [83),

depeid iig upon fhe theoretical reaction pt' which- is, calculated.-by formula (89),

and the relnt;l;onship I

flowcer, it. is more convenient to use the formula

_ ) (93)
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~ j where- X f(d/1, pCP) is represented' in Fig-. '69a.
Duribg suction through the peripheral clearance there occurs an increase ofi I the reaction, some-stagn~tion of the main ~flow, of steam passing through the m~oving

-cascade, and a-disturbaiice of the stri)cture

i - of the flow.

If we consider only the stgnati6n
00-0.2

0_00 losses, we can obtain calcUlated formulas.

408-- Let-us assume that after 'suction of

quantity G the absolute velocity at

-404 - the entrance-to the moving cascade will " be-

- - ci Then, with -th6 momentum equation,

b 0 qo. qo 401Z 401V 49MU G c

j tig. 68. Determination of -stage p xdAl Md Vkt Q.I - reaction for diffe~rent Values of $Gd(Dn~~j,
taking into account the steam leakage _

In clearances. -= -- 1J/r

If, by Banka's formula,,C (+~

then

or ~11 sin aI
'I (I+'y'/

Id

Here 6 is found by formula (90), but with another value of 4. (Pa 0.8).

Just a3 for the case of leakage, will be determined as an actual. quantity in

Fig. 68.

Formula (941) does not consider the disturbance of the structure of the flow

dhir'ng suction; furthermore, It also does not consider the effect of ejection, due

to which suct Lon will also occur and when Pn 0. HIowever, taking into account

that suiction Ls rarely encountered over a band, it is possible to limit oursclves

to a calculation by formnula (94k).
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Fig. 69. Coe1.'ficients for calculating lea.k-
age losses: 7a -auixiliary loss coefficient

X'of steam leakage in peripheral clearanceY p

Leakage or Suction Throug h Root Clearance

It is first necessary to determine whether leakage or suction is taking place.

For this it Is necessary to set up a leakage balance in the stage, depending upon

tho dimensions of the stage and the root reaction.

The root reaction is determined by the geometric characteristics of the stage:

mnainrly, FIFI, and d/i, and the design parameters u/c and e.

If the mean reaction p., is determined, which can be done from Fig. 50, the

root reaction is found by the formula

-39-
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After that, we compose -quations of flow rates, which are common in the

determlnationof axial stress. Dep~fiding upon the leak~age balance and pK we de~terz

mine the direction and and magnitude of leakage through-the root clearance. This

calculation involves several difficulties. The-first-one is conne~cted with the

insufficiency of experimental data on the Xlow rate coefficients in a root clearance

and the relief holes of disks, and also with ,the complexity of calculating thep

pump effect of a disk and the ejection of the main flow. This difficulty, undoubtedly,

is temporary. Already now there are, several of.experimentsl-projects at IL4Z, MEI

[811, and TsKTI [6], which proqvide the necessary data for calculating the leakage

balance.

The second, practically Insuperable, difficulty Ais the uncertainty ,of the

clearance dimehsionrs', e.g., ihe root and diaphragm seals. Even f611owinlg the plant

instructions [i051 , in certain stages the root clearance can vary by to-2 times-P

in diaphragm seals usually it, also varies by i.5 to 2 times. Practically, during

assembly and operation this variation can be-even greater.

-it should also be taken into accounit that an ifiaccuiady (even ithih th6 1ifii

of the plant allowances) in the manufacture of stage cascades, which leads t6,change

of the ratio of areas F F I by ±11%, will cause a change of the reaction -(including the

root react~on-) by -13% ON3.

It Tollows from this that when calculating th6 1osses (just as axial stress'

due to leakaircs, for calculated dimensions of a stage, the probable deviations'in

dimensions, nrid cunsequently also the economy of the stage should not be forgotten.

In connectiton with this, th- certain difference in the flow rate coefficients,

obtnined by various researchers, is secondary.

We shall une empirical formulas for computing the averaged value of the reaction

of a stage In the clearance between the diaphragm and the disk.

Case 1: the disk does not have relief holes; consequently, through the root

cluarai there always occurs suction, which is equal to the leakage through the

di[aphlrn~i heal.. Inasmuch as the area of the root clearance usually is a few times

later than the oquivalent area of the diaphragm seal clearances, )

-14o-
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the. influence Qf the root clearance on suction, and consequently-also on the change

of efficiency;,may be disregarded (however, xhen calculating axial stress it must

not be disregarded!).

Then-

- ' 7e

-.Case. II: the disk has relief' holes with total area F

The leakage balance. has the following form:

bV = I - r, (-96)

-',where

p isthe vapor pressure in the clearance between the ,diaphragm- and

dthe: disk;

-is- -pressure -behind the .ozzle cascade or' the root diameter;

F id5 is the area of the root' clearance (if the design has several strips
in this clearance, then F denotes 'the, equivalent area);

ILp and p are the flow rate coefficients for the flow in-the relief holes
P and the root cleararnce.

The coefficient of the flow rate through a relief hole v is found on a graph

which generalized the experimental data of different organizations, depending upon

the v6locJ.ty ratio u p

whore u is the peripheral velocity on 'the diameter of a disk with holes;
p

e in the rate of flow through these holes, cp = 17Pi, and it depends on

the dimensionless parameter

her. s is the clearance between the diaphragm and the disk (if the clearances on
both sLdes of the disk are unequal, then the formula contains the value of
the smaller clearance);

"'-d is the diameter of a hole;

-PP
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Ateeisted Ditch ofe thew hoeles.ul :' oo lernc

A gnerlizd gaphis presented, in Fig. 69b [6. On the basis. of "the materials

7 ~ iz f'ound, depniton the. Airection of flow, the size o1f the clearance and, the

j Reynolds number

where

Graphs for g aie constructed in Fig. 7a.

IS.3VM

ing o epermen s f LMZ, AWad sT)

In formu,'.a (96) the upper sign corresponds to leakage in the root clearance, and

the lower sign refers to suction.

For convenience or calculation, V. V. Zvyagintsev [4~8] constructed graphs for

r =f(a, b). :; U epnig(

The solution of the problem concerning the direction of flow (and consequently,

j the selection of~ the signs in the flow rate equation) is determined by the following

inequality:

az b,

where the upper sign corresponds to leakage, and the lower one refers to suction.

It' 0, thvnn the equation contains an indeterminant. After epnigthe

.indetevrmnant., we obtain:
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Calculation by the above-mentioned formulas must be conducted by trial and'

error, since Up/cpand Re-depend on p.

After determilning p , we calculate -the relative magnitude of leakage through

the root clearance

AG ptFxJ/IQ;

Leakage through the root clearance decreases the quantity-of steam (gas) which

-is usefully operating in a stage. Furthermore, this leakage somewhat disturbs the

flow entering a moving cascade in the root sections of the stage. -On the other

hand, there occdrs suction of the boundary layer, which decreases the losses in the

rotor. Thdinsufficiency of experiments for -determining th influence of leakage

through the-,6ot clearance 'on th'e economy of a stage permits us tomake only a rough

estimate at this time:

During -suction, there- -occurs- stagnation zand- :dis turbance -of the--normal -structure

of flow in- the root sections. Especially sensitive is this disturbance in negative

reactions at the root.

Experiments at MEI '[29, i03], TsKTI [47], and other-organizations show6d that

losses due to suction are approximately proportional to the amount of fluid -taken in

and increese, as the negative reaction increases., Steam suction in -a positive reaction

at the root in MEI experiments did hot cause- a noticeable change in losses depending

upon the reaction. According to TsKTI, an increase in the zone of positive p

decreases the losses due to suction. Thus, if at p. r 0, i%, then at
y,5

= 9, 0.25%. The results of the MEI experiments are more logical, since
PH 7

losses due to stagnation, conversely, slould increase as the reaction increases (as

it is known, with the increase of p there is an increase in the significance of I
losses in the movlng cascade), and the change in the structure of the flow during

suction does not depend much on the reaction in the zone of p > 0.
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For an estimate of the losses' during suction

- - through a foot clearance it is p ossible to 0
I j use the graph in Fig. 71, according to [1031.

" t- 's consider an example of the calculation
, 40 of leakage~ . ,I

The following Atage dimiensions are knovn: FSF 6200cm2 .5 mm; dK -100cm; Fy 8 7 3 -4cm2;

F, 6 cmupi = 115 m/sec; PP= .2;p - 0.03.45 1'.6 ks -ze zi 7% Fp = 6 pOpP

We .shall determine the quantities a ,and b
Fig. 71; Lossesy during
suction throughroot flearance from-formula (96), assuming in first approximation
(according toMEI experiments). that gp - 0.2 and g, =0.6:

• ' 7.b=O0.,2 - t

Since b >- a, there takes place steam -suction in the root clearance. Then, 1
-0.477/F = 0.812 - IFT, whence r = I.I and p. = 0. 033.

u
Hence, when h0  50.3 kJ/kg, cp = v 59 m/sec; 2.0 and, according

to Fig. 69b, when -- = 0.02, = 0.25, c = 2(p- p -)hO = 18 m/sec, and when

2 -2"i8'0.0015 4 17"1 4_ - 0.6

.3.2"10 .-m/sec and Re. 3.2.i0 - 1 •

We shall -find- the accurate- vi1ue-of a and b: -a- = -0596;1 b 0-812.

Then r = 'i.04. and .PA 0.0312.

The magnitude of suction is calculated by formula (97):

G 0.88

and by the graph in Fig. 71, C 0.26%.

It is interesting to note that when p= 0.05 and with other constant data, y3

= 0, and when 6. =2.0 mm and p= 0.03, there will -be steam leakage arid losses

r, y 0.15%.

-Ii
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METHODS OF INVEStIGATING TUEBINE "'TAGES

~13. SIMILARITY CONDITIS -AND-STAGE MODELING

:kxperiviental investigations of -turbine stages' -are based- on the methods of the

similarityr theory, which establishes the totalityof conditions that-are necessary

and sufficient for creating models which repioduce all the physical properties of

actuar stages.

The similarity- theoryr considers objects that are geometrically similar in all

elements. Consequently, -theconditi-on 6i absoTute geometric similarity of a model

with, an actual (objec-t *is ,necessaky. in-the -piactice--of -modeling. At the, same time,

for similarity of physical pi'odes~es it iswnecessary to ensure the identity'of all-

,parameters In the model -knd in~the ,actual object, which determine the operating con-

ditions of a stage.I

The nunibozrof determin~ing parameters is dictated by a system of equations that

describes the process of the flow of gas throujgh the flow passages and by the

appropriate'boundary conditions. However, of decisive value in tne selection of.3

these parameteis.are the physical characteristics of the process under consideration.

Considering the flow of gas into a stage in the absence of heat exchange, but

In the presence of hea6conduction and friction, it i.s simple to establish a set of

dimensional parameters that determine the operating conditions of a turbine stage.

These parameters include:

a) initial pressure and temperature of gas p0 andTO

b) final pressure p. (or temperature T2)

c) speed or atage n;

d) a geometric parameter, e.g., diameter d (or any other);
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e) characteristics of the +physica!- properties of the gas, which includes:

R -2/s KI _ the gas constant;

00cv ImP/sec OKI - heat capacity at constant voue

X [kqm/mse6°K - heat conductivity factor;

2g. [kg/sec/m - viscosity coefficient.

A dimensiohal ahalysis shows that the enumerated parameters can be reduced to

4 five dimensionless determining seti, i.e., simila. .4ty criteria, which are written

in the following form:.

2) index of 4jsentropic process:

2) Prandtl humber

3) Reynolds number

Ie= for an absolute- flow

and

Re,= -- for a relative flow.

+4) diffmnidnicss veloc'ity

-e vl cit --Tor absolute motion -

and

- for relative motion

or, correspondingly:* kc a-6

5) veLocity raLtto

T'li syny;trn of' claractert+ztic criteria for a simplified formulat!oxr of the -p'ob-

J.em can o)e w"-IVeic in somewhat different form.

'phn1 n, W )partlcular, there arises a question about he selection of the deter-

minJug geoinclric ,arttmnl;cr whl.ch enters into the Ile number and' u/cq,

*a and aw are the c ALLca.l. velocitlei; for absolute and relative flows.
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In accordaice: with the rules of modeling, the selection of the geometric dimen-

.sions can be arbitrary. Thus, for instance, in the case of a turbine stage, as the

characteristic geometric dimnsions the following can be selected: mean diameter ,

hydraulic -radius of cascade (height .), chord b, or width of profile B. In the
deteiiihntion of similarity criteria is permisible to use various, but identical

for the model and the. actual object, geomtric dimensions. 4When computing the

criterion xt it is naturally possible to use the -eafi diametei. However, in
reference to blading, the calculation of the Re number with respect to profile

chord has a known advantage. Here it is possible to compare -the established losses K
with the losses that appear in the flow around cascades in static conditions.

Furthermore, the M and Re numbers may be determined with respect to peripheral

Velocity u in the- following form:

x I dJS
Me. W -. F

where a and T are the velocity of sound and temperature of gas in a clearince or

behind a stage;

Re. we si

It is easy to note ,that the transition from Mc and M to Mu is carried oiA by

the following formulas:

and M " -

Analogously,

RRe 1TT and Re,. Re,-d'T

Consequently, ,the equality of Reu and Mu numbers is a result of the ,equality of

the criteria Rec(Rew)'and Mc(Mw) for a model and the actual object.

Between the Re and M numbers of absolute and relative flows it is also easy

to establish a relationship:

CRe, Re,

and

where bI and b2 arc the chords of the nozzle and moving cascades.

The problem is solved in this setup, since the process of flow of gas into the

flow passage is considered to be steady.

In rcnlity, this process is periodically nonstationary and Is characterized

by high d'2grees of turbulence. Consequently, the set of similarity criteria should
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be augmented by the Strouhal number

where At is a characteristic time ,interval and I is a geometric dimension and also

the degree of turbulence

which appears here as an- independent characteristic similarity criterion. The

formiula for E includes the mean pulsating component of velocity c , which is,

determined by the following -equation:

and mean Velocity of steady motion am.

The Sh number for a turbine stage with absolute geometric. similarity takes on

a. specific form.,

As 'shown by Analysis; idenitical Sh numbers for a turbine stage in the -actual

,object and in a model with absolute geometric similhrity are ensured by the equality

-of the ratio u/c .

The condition of u/cD - idem is a condition of .inematic similarity of the

operating conditionsi.of turbine stages- and can be obtained directly frim a considera-

tion of Velocity triangles.

The Rc, Rew, Mc, IMw, Sh, and E0 numbers contain the velocities of absolute

and' relative motion. Theoretically, these velocities can be selected at arbitrary,

but certainly similar, points of the actual object and the model. However, consider-

ing the establishment of a clear relationship between the results of static, cascade

tests and dynamic stage tests, the indic.ted criteria are expediently calculated

with respect to velocity ci and w,' or w2, respectively. Consequently, the density

p and viscosity p must be calculated- with respect to the Lgad parameters in the

clearance and behind the stage, respectively.

The modeling problem may be considerably simplified inthe-case when all five

(or tseven, correspoi idngly) criteria in the formulation of the problem of

~Investigatlng 'A determined direction do not have an equal value. For a solution of

thepossibility of disregarding the influence of one criterion or

another, LL Is necessary to estimate this influence on the basis of theoretical
considerations or by means of an experiment.

Let us first of all turn to the role of the Reynolds number. Later, in 6pecial
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sections of the book, this question is examined in detail on the basis of a

considerable number of' experimentel results. Here it should be noted that the

influence of the :Re number on the, characteristics of i, stage (efficiency, degree

of reaction) is considerable when" Reei < (3- to 6).0 5 , depending upon the geometric,

design,- and performance parameters of the stage. Thus, experiments show that the,

boundary of self-similarity with respect to Reynolds number can vary in sufficiently

wide limits. Thus, as. also in. the fldw of a gas in cylindrical pipes, the boundary

of the region, of self-smilarity depends on the relative roughness, whereupon ReaBT

decieases as the latter-increases. It follows fiom this that in the process o f

- machine operation the influence of Re on the machine's characteristics is lowered.

- An- example of the dependence

V____ - of efficiency and reaction on the

Re number for certain stages 6ay

'be seen in Fig. 72.

7 11. $ J Considering such a significant
li'influence of Re on the charac-

Fig. 72. Influence of Reynolds number~on stage
characteristics: relative internal efficiency teristics of a stage,, we shall

So/Yoim6,and change of. degree 'of reaction .
Ap/6' oexamine the method of changing

this number in, experimental

turbines. For this purpose we shall present this criterion in the following, form: ii

Taking an approximate dependence for the visccsity coefficient

where p is the initial, value of a. at temperature Ti, and using the evident

relationships

, (i + '

after ,simple trahsformations, 'it is simple to obtain:

k.- , , , ,3  2 (98)

whoreA T__
-To PR .

A A9
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Formula (98), which connects the Recl and M, numbers in the stage clearance,

makes it possible-to establish that at constant M, the Rec number can be changed
by changing the initial :parameter before the stage, pO and to. An increase of

the Re number Is attained by increasing the initial pressure and by lowering ,the -

I initial temperature.
In formula -(98) it is possible tb prbceed to the 'parameters behind the nozzle

cascade. Then

S Re, A M,p,
(99)

The obtained -formulas (98) nd (99) permit us.to conclude that a change of

p. (or p,) at constant sI = 'O (Mi- const- may riesult in a larger change of the

Reynolds number of the nozzle and moving cascades, respectively.
Let u- now exemine the secondcriterion, i.e., the tMi number, whlch cohsiders

the influence of compressibility. According to expe:irental data, the Mc, number can

essentially affect the losseshein isolated caeca'des (see Chapter I), and the efficiency

and degree of reaction of a stage. Numerous results of tests of stages With cascades

having convergent channels show-that the ih:uence elM becomes perceptible when

Mc 0.6 to O'.7, whereby for a considerable number of stages the maximum

efficiencies correspond to M 0, - O.9- to 1.0. The influence of M, which was

detected in certain experiments at sitaller M, should be referred to taking into

i account Re < ReaBT .  Therefore, in estimating the role of the M number, it is

necessary to check if the stage is in the zoie of Reynolds self-similarity.

Typical dependences of stage efficiency on M

_ 00--2 number-are shown in Fig.. 73. It is characteristic

- - that with the growth of M, when M > 1, there occurs

- J a noticeable lowering of efficiency, and the reaction

0,7of the stage then increases.
0.56 0.54 072 O,3o 0,88 Ml

It should be noted that the influence of Re is also
Fig. 73. Dependence of
stage e.fficiency on M0  apparent at considerable M0 numbers,* espectally in

number. According to
Mm experiments for the the zone of transonic velocities. Hence it may be

following stages:
I-in-2A - (solid curve) concluded that for a group of the last stages of a

HX-2-2A - - - - (dshes ; low-pressure cylinder of condensing turbines it is
F 1{.I1-l-3A .-. (dots and

dashes), necessary to carry out separate modeling for M and Re

*The M0 number is determined for the total drop on the stage.
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-numbers in a wide range of numbeis 0.5 < M - i.8. Let us emphasize that for

certain groups of stages the required region of separate M and Re modeling has not

yet been established. This problem should be solved for groups of stages that

operate in specific conditions (regulating stages and the last stages of turbine

sections).

Of special interest is an experimkental estimate of the influence of two

criteria which chairacterize the, physical- properties -of the working substance (k)

and the pheioicena of internal friction and, heat conductivity (Pr number).

At moderate M numbers, the influence of the physical properties given by the

index of the isentropic process k, in a narrow range of its. Variation, is weak.

Thus, Fig. 7 gives -the efficiency

curves ior the same stage, tested-

6 4_in air (k. = '1.4) and superheated

48 ~= sta • 3- ti o. -- "difficult to note that for all values

- of the divergence of the

efficiency curves lies within the

- .2.........'limits of the accuracy of the ex-

periment. Considering a wider range-

of variation of k, it should be noted

Fig. 7.. Dependence of efficiency of a
single stage I IA 2-;2A on the; velocity - that the -efficiency and reaction of
ratio u/c $,at MO  0.6 and Re ci = 2 i 5 .

the stage- will vary more, the lower

MEI experiments: air -A-A; superheated-
steam -O-O-O-saturated-steam:------- the vali- of ifdbx k and the larger
(dashed line).

the M number (utilized heat drop).

Thus, for instance, the test of the stage of a steam turbine whose heat process

occurs near the upper boundary curve with a mean value of k = 1.14 to 1.2 showed a

noticeable divergence of efficiency curves as-compared to experiments in air (see

Fig. 74). The data given here, and also other experimental data '[86] show that at

moderate M numbers practical self-similarity with respect to k is kept in the

interval of k = 1.3 to 1.5. At high velocities (M > 0.8) the similarity of the

processes is retained if the equality of the kM sets (or V-:- M2)is ensured, which

completely corresponds to the conclusions of the theory of similarity.

Investigations of stages operating with moist gases, and in particular, with

moist steam, show an essential change in efficiency, depending on the moisture

(see Chapter X). Since the index k varies as the moisture varies, it is possible
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{ to assume that the lowering in efficiency is explained by the combined influence of-f

I} two of these factors, whereby a larger role is played by moisture. It follows -from

this that when modeling stages that operate in the- zone of moist steam, the moisture

should enter as a characteristic criterion.

It should be emphasized that the problem of-modeling stages in the region of

imoist steam is more complicated, since even with-observance of all conditions of

similarity the structure of the moist steam in a model can essentially differ. The

most important condition is-the circumstance that the separating ab lity of model

stage that operates, as a rule, at a high ;speed, will differ. The distributio0 of

moisture (mojsture field) in characteristic sections of the flow passage, and 4
consequently also the efficiency of the stge, will be different. At the same -time,

the possibility of -modeling stages that .operate in a region of moist steam. is not

excluded. Along with-the theoretical development of the problem, -it is necessary

to carry out methodical tests which make it possible to -Judge the changes in

structure of the moisture and the conditions of separatiohi in geometrically similar

stages. The solution of this problem is possible only with help-of instruments which

measure the local values of moisture.

In considering the influence of the physical properties of the working substance,

the role of the Prandtl number should be mentioned. For fair, this criterioh is

practically constant, Pr = 0.72, under laminar conditions. For turbulent conditions,

Its analog is intr0duced, which, under constant turbulence, may also be considered

as constant. For steam, the Pr number depends ohn pressure and temperature- and can

vary In wide limits,- whereby in the zone of moderate temperatures,and- pressures-

the Prandtlnumber for steam and air essentially differs. The influence of the

difference In Pr -numbers for actual and model working substances can noticeably

show up at high velocities in the flow passage, i.e., at high M numbers and large

stage flare. In this case the nonobservance of the condLtion of Pr= idem leads

to an uneqttal distribution of the stagnation temperature in characteristic sections

of- the stago, and consequently, to a divergence of the stage characteristics. It is

Ipossible to consider that the change of the physical properties of the working sub-

stance In tho transition to model tests in cold air proceeds namely in this

direction.w

;,The question concerning the influence of the Pr number is considered in detail
in Chapter VII.
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The Influence of Instability of flow in the flow passage and high turbulence

has not yet ibeen subjected to a detailed theoretical and experimental investigation.

It is possible to allow that with the observance of absolute geometric similarity

(ii and identical values of 'the basic performance parameter of a stage, u/c- , the

,Strouhal number in the actual object and in the model will be identical, i.e.,

-instability of the process will also appear to an. equal extent. However, this

assumption should be ,checked.

The considerable influence of turbulence on the characterlstics of isolated,

cascades was established by appropriate experiments (see Chapter I)-. This criterion

obtains an especially important value for the investigation of isolated intermediate

stages when at the entrance to the stage being tested it is necessary to reproduce

the corresponding initial conditions. The results of experiments of isolated stages

should be corrected in the appropriate way, under the condition that the influence

of the degree of turbulence E6 on stage efficir,,y is known.

In a simplified formulation of the problem concerning modeling of a turbine

stage (approximate modeling) the necessary conditi6ns of similarity may be:

i) geometric similarity;

-2) e iniem;

-3) M = idem;

4-) xp- u/c(p - idem.

The last three criteria are simultaneously the basic perfcrmance parameters of

the stage.

Equality of the basic criteria of similarity for the actual object and a model

Re. - Re.; M. = O; x ,:

leads to the following evident dependences which.make it possible to select the

basic parameters of the model stage:

, , C,4b,NQ,. (100)

dt. .x di,.,

Assumink as we did earlier, an approximate dependence of viscosity on

temperature

-1.)
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there can be obtained a relationship between the parameters in the following fom:-Sa! 0o,,i= i. -, 4.- 0 i

'Formulas (100) and (101) serve for establishing .a relationship between the

dimensions and parameters of an actual stage and a model'. This 'relationship is

expressed by a system. of conversion factors.

I j We shall consider that the geometric scale of the model, K1 - dt/dl -1H/1¥ -

bjljbu, and the teimperature scale,-Kt -,TII/Tl, are given. Selection of these scales

-Is determined by the productivity and the parameters of the power source (compressor-

or-boiler), the conditions of simplicity and reliability of the experiment, and also {

the necessity .of providing a definite range of accessible conditions.

Depending upon ,the conditions of the problem, any two other factors can,'be

assumed. to be known. The remaining factors are determined by two selected' ones, and

in particular by K, and K.

Thus, for instance, from the first condition of (101-) we find the following

'relationship between conversion factors: 1
where Kc and

.K are the conversion factors of velocities and densities.

From the secondequation of (101i) we find

After making a comparison, we find the density conversion factor

K, K' I(7

Using the well-known equations that cornect the basic characteristics of a

stage, it is simple to obtain the following conversion factors:
K.

'a)pressure 
= ,

b) speed Kn = -;

c) volumtric 'flow rate K,, = ;

d) power of stage IN = K ' .

I 
,
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51. EXPERIMENTAL-TUFINES ANb SETUP FOR INVESTIGATING STAGE CASCADES f

Investigations of single turbine stages, the results -,f which are presented

in, this book, were conducted in three experimeni-Jl MEI turbines connected to, a

0 steam-air rig.. The experiments were conducted both in steam, and also in air.,

Most of the experiments were conducted in Steam.

The advantages of the steam tests are evident and include:.

i) tests in steam which ensure a wide range of independent variation of M and

Re numbers (separate modeling for M and Re numbers);

2) easily conducted investigations of stages- with long blades, including ones

in moist steam;

3) investigations-conducted under-conditions as close as possible to real
conditions; this autoatically satisfies the equality of the criteria of si2.arity,

k and Pr.

The disadvantages of steam-tests include the more complicated design of the

experimental facilities, the: difficulties connected with measuring the parameters

of steam flow, and consequently, the complication of -the method of investigation.

J_"l Is

IF 20M

Fig. 75. Schdmatic' diagram of MEI steam-nair f'acility: -"
1- filter; 2- "inverted model" of turbine; 3 - vacuum
wind tunnel; 4 air compressor; 5 -air heater; 6, 8,
10, ii, 12 - experimental turbines;, 7 - weighing device;
9 - loading device; 13 and 22 -- condensers; 14, 15, 21 -
wind tunnels; 16 and 26 - steam and air calibration loops;
17, 18, 19, 20 devices for studying the processes of
flow of moist steai; 23 - drive turbines; 24 - experimen-
tal centrifugal compressor; 25 - experimental axial-flow
compressor; 27 - silencer; 28 - reserve'facilities.
KEY: (a) steam; 6 atm(abs.) 300°C; (b) manual pump; (c) atm.

*The results of investigations conducted with experimental turbines of other
laboratories are also used, the laboratory of the Kaluga Turbine Plant in particu-
lar. DescrIptions of the majority of these turbines are known from literature (5],
[:2], [33), (62], and [135).
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A schernatic diagram of the MEI aerodynamic steam-air laboratory is shown in

Fig. 75.

Air is supplied to the' laboratory from a centrifugal compressor 4 with a

delivery of 220 m3/min at an initial pressure of PO = 3.5 bar.

The suction line of the compressor 4 includes an "inverted iodel"* 2 and a

wind tunnel 3, which Operate wih, atmospheric inlet pressure and with a vacuumh at

the outlet. -

The remaining devices of the laboratory can operate: both witfr steam, and -

.6lso with air supply. The steam parameters include po= 6 bar, to  300C,, and '
consumption td 25 'tons/hour.

In. addition to-the indicated units, the laboratory c6fitains four exp'erimental

steain-air turbines of different design and function (6, 8, iO, 1i)i Onie dbuble-,

fshaft steam turbine i2 'for investigating the, last stages of steeim tuibines,

annular 14 and flat 15 steam-air tunnels, and centrifugal 24 and axial 25

expprimefital compressors.

An important complex 6f The laboratory is a group of units for studying the

.processes of the flow of moist steam. It -includes the following: unit 17 - for

investigating the velocity of propagation of small disturbances in. moist steam;

unit 18 - f or investigating condensation shocks and the boundary layer;; 19,- a

device for weighing reaction stresses during the flow of moist steam; 20 -'a

device for investigating the flow rate-characteristics; 21 - a sieam-type, high-speed I
wind tuinel.

'The testing laboratory is serviced by two conhdensation units 13 and 22 which

include, ibesides the Usual equipment, measuringi tanks for-th basic and drain

condensed steam aid high-pressure pumps that service the steam-moistening systbm.

The heat systems of the units are characterized by the presence of two- and three-

stage moistening systems.

Intermediate single stages of small diameter (d 5 550 'mm; 1 5 60 mm)' are

tested in experimental turbine BT-11 (see. position 6 in Fig. 75), which was

designed and manufactured by the Leningrad Kirov Plant. A sectional drawing,-if

this turbine is ,shown in Fig. 76.

*A turbine with ,stationary rotor and revolving nozzle cascades.
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Fig y6

kg.; 76. Experimental turbine.8T-l1 of the. Leningrad
Kirov Plant:. I - entrance section; 2 - flow passage;

- diaphragm attachment; 4'- hydraulic bushings; 3-
insertable blades of water brake; 6, -,water brake;

7- hydraulic pivot; 8 - fl6iting Journal; 9 exhaust
chamber; 10-- exhaust duct.

'The operational experience of the experimental turbines shows that an, insuf-'

ficiently exact determination .of the moment of friction in thi bearings leads :to

appreciable errois in the determination of efficiency. Ininachines whose design
does not exclude the necessity of calibrating the bearings, it is difficult to

study the influence of such factors as the Re and Mkr imbers, the change in the

number -of- nozzlegroups- -during partial feed, clearaices, et:. A suffdciently exact

determination of the total power of friction at variable oil tcmperature, various

steam densities, various axial,stress, and various vibration is a complicated

problem. Therefore, the turbine 3T-I is manufactured with floating journals. This

machine employ- -idinary sliding beafi'igs with an oil lubricant.- The loading

device is- a disk-type two-stage water brake 6 with- separate independent water supply

and regulation. Furthermore, the brake makes it possible to change the range of

absorbed power by means of mounting radial rectilinear insertable blades 5 on the

casing.

The casing of the water brake is rigidly joined to floating carrier journal 8

in which the bearing casing is also attached. During operation, the floating

journal 8, together with the casing of the water brake and the bearings, emerges on

two hydraulic bushings 4 which operate from the common oil system of the turbine.
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The axial stress of the entire design is perceived by the hydraulic pivot 7,. -

Careful manuftc'ture :and proper adjusinent of the -hydraulic bushings completely

eliminates dry friction between -the suspended unit and the stationary housifig of'

the machine. The-moment obtained from the fluid friction in the hydraulic bushifgs 0

has an insignificantly -small magnitude. As a -result-, we obtain a moeht that is,

measured on the casing of the water r-ake (including the braking momedit of the

disks and the moment friction in the bearings) with a -high d1gret -6 accuracy;

which corresponds to -the m6ment developed oh the turbine shaft.

The turbine 3T-1 has an annular symmetric exhaust chamber 9. Outlet of

steam into-a condenser or air into the atmosphere-is carried out through five

synmetrially located, exhaust ducts 1O. which have chokes for regulating the

' "counterpressure. -

The OT-I turbine -was modernized while it was in use. Replacement of the ]
tdrbine housing made 'it possible to increase the maximum diameter of the stages,

under- investigation to 550 -to 606 am. The rotor design was simultaneously

modified: the power of the' water brake was increased and the limiting speed of

the machine was' increased, -which made it possible to expand, the range of accessible

M and -Re 'numbers.

Investigations of double regulating stages and large-flare stages were carried,

out with expb, rimdntai turbine'No. 3. This machine was produced in several models.

The first model, which is intended for the investigation of double regulating

stages with relatively low blade heights, made it possible- to test stages with a

aximum diameter less than 800 mam, but due ,to the small dimensions of the exhaust

chamber it was not possible to test stages with 9 - d/1 < 5.

Turbine No. 3 wasmodernized during-, 'peration. Replacement of the housing

and the exhaustduct made it possible to increase the diameter of the stages being

investigated to 000 mm-and to test stages with long blades at e k 2.6. CV

Further improvement of the machine, to ensure a more detailed -investigation

of the 1 ts stages, had as its goal the creation of a unit with two independent

coaxial slfts and two loading devices (twin-shaft version).

This design makes it possible to test a stage operating with moist steam and

having superheated steam at the entrance to the turbine. This design feature

avoids tho undesirable initial moistening of steam and the tedious and unreliable

determlnaLion of molsturc with respect to heat balance, and it also creates a normal

mo:isturo' Cield at the entrance to the investigated stage. A sectional drawing of the

second twin-shaft version of turbine 8T-3 is shown in Fig. 77.
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The machine 8T-3 can have two to four stages. The water brake of the right

shaft- i, i.e., the blade shaft and the suspension oq the housing, is mounted bn

ball bearings. This design ensures total weighMig- of the moment -on the brake wheel 0
and the moments of friction in the radial and thrust :bearings.

The water brake of left shaft 1o is-disk-type, setional, and has an open water

Suspensi6n of the housing is carried 6ut in bil-type four-chamber floating

bushings 9 and 12 and eisures weighing of the moments of :friction in the radial 5

and radial-thrust 6 bearings of conventional design.

For prevention of the pbssibility of- oil fallinig into, the steam box- under

vacuum conditions, the iight. sealing block 4 is carried out with steam supply and

air supercharging-

The design under consideration includes independent we!hifig of' torqjue and

axial stress on the rotor. Axial stress is transmitted to the casing .of the-water

,brake 'through, kTZ thrust bearings which, make it -possible to perceive the- considerable

specifib loads that are perceived by the tweighiiig device 8 with an elastic element

that makes it possible to c~librate the loads on the running machine. Torque is

weighed .on the casing of the water brake by an ordinary weight head.
For setting up- the <onditibnii  Ad 6bserving the speed n shift rotation, the -

machine has a, magnetic-induction tachometer 3. The speed counter and an additional, -

tachometer operate from an induction pickup,2-.

j The protection of the machine is electrical, duplicate, and uses the imputlde

from the induction pickup 2 and the 'generator of tachometer 3.

The turbine housing is welded, with horizontal and Vertical Joints. The

ste:Am-inlet portion- is--of an 'anular design and has a stabiliziigi lattice; a steam-

cooler isz mounted at the entrance .to- the machine.

4 he main advantage of the twin-shaft design under consideration consists in
hat the stages of the left shaft create a corresponding velocity, press'4re, and

moisture field at the -entrance to the stage Of the iight shaft; the characteristics

of the two stages are determined separately.

For installing different groups of stages, the possibility is foreseen to

move the entire block of the left shaft in an axial direction by 90 nm. Axial

movement is carried out by means of transposing the casing 1i and replacing the
adjusting bushings of the calibration device 7.

Of great interest in the development of turbine stages is the static testing of

nozzle cascades unde' actual conditions of their operation. The turbine 8T-3 permits (I)
-160-
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- ..a- similar experiment. For this, 'the whole block of the right shaft, together with

thi rotor, is removed, and the.'diaphragm of the investigated (single-stage) stage

and the blcck of the left shaft remain in the machine. The machine (left shaft)

is started in the usual, order, and the diaphragm to be tested is traversed by a

special gear that is- mounted at the position of the right 'shaft. -

4 At the entrance to the investigated diaphragm there are created natural Lields j
of angles, pre'sures,, velocities, and moisture, and. also the periodic instability

that -is peculiar to thegiven .stage. In addition 'to -this, these fields can be
regulated, to. a confsiderable extent by 6eans of varying the operating conditions of

thie left shaft.-/

Similar-conditions Lor testing, an annular nozzle cascade, even in a special

steam-tyjpe annular wind- tunnel,, are practically unattainable.

f

Fig. 78. Traverse gear of experimental turbine 3T-3: I-
diaphragm to'be investigated; 2 - sliding key;, 3 - r'od;
4 - transmission-gear pair; 5 - adjusting ring of axial
potition ; 6 - turbine housing; 7 -'bushing for movement of
igle a:,, 8 - seal;, 9'-- worm gear of pitch drive x; ±0 -

worm gear of angle of rotation a1 ; i - worm gear for

radial movement y; 12 - indicator selsyn; 13 - electric-
drive motor; 14 - drive bushing for movement y; 15 - gear
pair for movement y.

For ensuring the possibility of tests, it is necessary to apply the travarse1

gear shown in Fig. 78. It is mounted at the required axial distance from the inves-

tigated diaphragm I along the axis of the turbine housing 6 with the help of an

adjusting ring 5. A head is mounted on rod 3 and has the following movements, which

arc controlled during the test:
-16±-
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1) linear radial (along blade edge) y;

2) rotary around turbine axis (pitch movement) x;

3) rotary around axis y (angle a).

All -these movements are independent and accomplished with the help of a(

remote electric -drive and Indication system. The electric motors of the pitch

drive 1.3 and the Indicator selsyn 12 are connected viith. the shaft of worm gear 9,

the axis of which is fixed with respect to the turbihe housing. The axes of the
worm gears of the driVe3, a and y (iO and ii), revolve with respect to the turbine

housing.

The rotation of worm gear ii revolves bu-hing -14, in which rod 3 sits on the

thre.ad; the rod is connected through sliding, key 2, -gear pair 4, and bushing 7 with

worm-gear pair 0. Consequently, when worm gear 10 is stationary,. rod 3 is not

able to revolve, and rotation of worm gear i will cause it to~move along axis y.

During rotation of worm gear 10, gear pairs 4 and 15 revolve synchronously, since

the axis of worm gear ii iemains fixed with respect to bushing 7; therefore, it

revolves together with *it. The synchronous rotation of pairs 4 and 15, which is

•1 caused by the rotation of worm gear 10, will lead to the rotation of rod 3 around

* axis y without it moving along the axis.

Finally, rotation of worm gear 9 leads to rotation of the entire unit around.

the turbine axis,, The head then-moves along the circumference (lattice pitch x).

The traverse gear is sealed -by means of glands with water supply 15,1.

A graphic illustration of the possible operating ranges of the turbine T-3 is

given In Fig-.. 79 by means of a -diagram- of the -conditions of -the left shaft. The-

diagram was constructed- for one of the single-stage groups.

This diagram determines the region of the possible combined operating conditions

of the turbine stages and the loading device of the left shaft.

The diagram was constructed in the coordinates N kw - n rpm and was obtained

as a result of plotting the characteristics of the stages being investigated on

the external loading characteristic of the water brake.

The external loading characteristic of the water brake is bounded by the lines

c3hw2.

Line I - the lower bound of stable operation of the brake - corresponds to the

absorbed power as a function of speed during the operation of one disk; 0150 mm,

with minimum filling.

*A description of the electrical circuit of the traverse gear is not given due
to the limited size of the book.
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Fig. 79. Diagram of the behavior of the left shaft ofexperimental turbine 8T-3: 1 - lower characteristic ofwater brake; 2 --upper -characteristics for varlous diskdiameters; 3 - range of nmax for disks made from differ-
ent types of steel; 4 - level of Nmax for cooling; 5 -
n zones; 6 - external characteristics of two stages of )
left shaft, P2 and a = pP 0, of'last stage during com-
bined conditions (speed of rotation of rotors is
identical).

Line 3 - the maximum permissible rotor speed - with respect to the strength
conditions of brake disks with 0450 mm, manufactured from different types of steel
with a safety factor of n = 1.5.

Line 11 refers to the maximum power of the brake with regard to heal removal,
i.e., with regard to the maximum possible heating of the water cooltmt at its
maximum flow rate.

Lines 2, 2' and 2" denote the possible upper bounds of the external character-
Istic, which determine the dependence of N = f(n) during combined operation with

-163-

F <I



complete filling of three disks with diameters of 450, 480, and 520 mm, respectively.

Curves 6 represent the characteristics of two turbine stages of the left shaft

at different e and p2 .

The values ;f e and p2 in Fig. 79 pertain to the last investigated stage of

the right shaft, under the cbndition of -synchronous rotation of the rotors.

For instance, with a 450 mm diameter of the brake disks, made of steel

34KhNZMF, and under the given test conditions of the investigated (last) stage,

which sits on the right shaft, with the values of e = 0.2 and = 0.035 bar, the

lbft shaft will provide an experiment with a speed that varies from 8000 to 16,000

-rpm (from point -A to point B). This-machine is manufactured with a flexible rotor

having a fii'st critical speed of nP I = 5400 rpm and a second ,critical -speed of

nxp2 =9450 rpm. The zones of critical speeds n - 250 rpm are indicated in

the diagram.;

A very wide possibility of variation i-s ensured by the steam parameters and

the heat drop of the investigated stage.

At a counterpressure of P2 = 0.035 bar, the minimum pressure ratio on the

stage amounts to emin 0.13; at P2 = 0.05 bar, Emin = 0.15; at P2 = 0.075-bar,
and at p2  0.1 bar, 5 min 0.25.

All the last stages of condensing turbines practically operate in this rangej of P2 and e, and consequently, their models can-be tested in the 8T-3 turbine at

actual counterpressures, velocities, heat drops,, and moistures.

Detailed investigations of the structure of flow in annular-cascades, and also

in stages with long blades, tested in- air, were- carried -out ini experimental

turbine 8T-7 (see position 8 in Fig. 75), which is the combined unit shown in Fig.

80. In this unit, air from the pressure chamber goes through the inlet duct 2

and the equalizing grid 18 and enters the turbine housing I and then proceeds through

the shroud 20 to the investigated nozzle cascade 22.

The nozzle cascade 22 is mounted in cantilever fashion on the shaft of

diaphragm 17, which is mounted on two ball bearings. The left end of this shaft is

connected to a turning devLce and a two-component tensometeric balance.

-I The turning device wi th a stationary probe makes it possible to measure the

pitch behind the nozzle cascade. The two-componant balance serves for measurement

oC the tangential and axial forces acting on the nozzle cascade. These measurements

are also made in the stage; they make it possible to obtain averaged values of the

Scoerficionts of velocity (p and the exit angle a1 for the nozzle cascade, and thereby

separate the mean values of the losses in two cascades.
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Fig. 80. MEI higt-speed experimental air-type turbine
with weighing of Np and Pa: on diaphragm and rotor:
i and 25,- turbine housing; 2- inlet duct; -3>- annular
chamb~r; 4 " drive for turning nozzle cascade; 5 -
needle bearing; 6 - elastic balance beam for Mp; 7-

cogwheel; 8 - key; 9- measurihg coupling; 10---rigid
beam of measuring coupling for "M.; 11 - cam; 2 -
ring; 13-- bearing; 14 - spherical insert; i5 - elastic
balance, element; 16 - seal; 17 - diaphragm shaft; 18'-
grid; ±9 - pressure chamber; 20 - shrouds; 21 - uide
row of plates; 22 - nozzlecascade; 23 - rotor; 24-
hatch of upper part of housirg;- 26 -- fl6ating hushing;
27- bushing; 28 and 36,- "chambers; 29 - annul, r chamber;
30- brake disk; 31 and 32 - brake- casing; 33 - supply
-duct; 34 - induction pickup; 35 - drain; 37 - exhaust
duct.

The rotor 23 and the disk of the water brake 30 are located in cantilever

fashion on the shaft. The shaft is mounted in anti-friction bearings that are

.placed- In a- floatlng bushing 26.

The rotor, together with exhaust duct 37, is easily dismantled. The exhaust

portion is easily replaced by a device that ensures the necessary conditions for

testing annular cascades. The group of bearings is then replaced by a cylindrical

bushing, while the casing of the exhaust portion serves as the peripheral boundary.

In the investigation of stages, and also isolated annular cascades, in the

upper part of the housing 24, on the flange of the housing 25, there is mounted a

traverse gear which provides a preliminary three-dimensional zone.

The unit under consideration was used to investigate cascades, and also several

stages with small 0. A detailed description of this unit is presented in (22].

For testing stages that are designed for higher supersonic heat drops for small

diameters, it is very convenient to use the experimental turbine 8T-500, which was

developed and built at the Kaluga Turbine Plant (Fig. 81).
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Fig. 81. Experimental high-speed turbine -With frame suspen- '
sion, Kaluga Turbine Plant: I - stationary turbine housing;
2 - radial-thrust bearing; 3 - bearings of frame suspension;
4 - axial retainer; 5-- stationary struts; 6 - frame; '7-
magneto of tachometer and protection system; 8 -,water brake
casing; 9 - radial bearing.

The turbine housing ando the struts 5 are secured to the foundation. 'Radial

bearing 9, radial-thrust bearing 2, and the casing of the water brake 8 are mounted

on a rigid frame 6 that envelopes the turbine housing. Fram.e 6 on ball bearings 3

is suspended' in struts 5 and secured in an axial direction by a ball-type device 4.

During operation of the brake, the moment and the moment of friction in

-bearings-2 and-9--are-transmitte~d to the frame and are balanced by a conventional

balance head.

For decreasing parasitic moments of friction in the suspension bearings 3, the

frame is suspended on springs at points A and B. The tensions of the springs are

correspondingly equal to the reactions on the bearings 3.

Water is fed to the brake in an open stream. After an insignificant change in

design, oil is also fed to the bearings without flexible hoses.

This design, in addition to simplicity and reliability, ensures operation with

a rigid rotor practically under any conditions, and also gives a very high accuracy

of torque measurement, which is especially important for tests of small high-speed

stages.

Investigations of cascades in static conditions are conducted in various wind
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tunnels set up at the MEI laboratory. One of latest versions - the large MEI

wind tunnel (see position 15 in Fig. 75) - serves for investigating straight

cascade-packs of the turbine and compressor type. The peculiarity of this

installation is the possibility of-using both air and steam asthe working medium.

The packs t6 be tested are placed in the working part of the wind tunnel

(Fig. 82). The packs are up to 100 mm high and up to 350mm in length along the
front of the cascade. The entrance angle of flow to the cascade varies from I5

to 1659. The- exit angle varies from iQ to 600. A convergent channel I is placed

at the entrance to the working portion. The pressure chamber of the workin portion

ensures a uniform field of flow at the entrance

to the guide nozzle 2, which is located in- front.
3

of the cascade. In-the pressure chamber there

* 5 exists a drain system for determinoing static

/ pressures and impact pressures. The design of,

the working portion makes it possible to perform

precise measurements of the direction of. flow at

J /the entrance to the cascade.

The entrance angle of flow to the cascade is

I by the guide nozzle 2, which should be specially

-~ designed for the range of entrnce angles ,and

S'M, numbers-. The walls of the nozzle are securely

3 ' 7 attached to the shroud plates 8 of the cascade

S-, -pack and placed 'together with it in the working

portion. In the working part, the pack is'held

in place by sliders 4 which have screw drives 3.

Fig. 82. Diagram of large MEI The exhaust chamber 6 is made with a recessed pack I
steam wind tunnel: I - con-
vergent channel; 2 - guide and has a clearance of 140 mm. At the cascade
nozzle;, 3 - slider drives; 4 - e
slider; 5 - traverse gear exit there is a divergent channel 7 which makes
prt; 6o- iexhaust chamber; 7 - it possible to inreae the M number at the
divergent channel; 8 - shroud
plates of pack,.acd ei.j~

The exhaust chamber has a system of drains for measuring static pressures. In

addition, Lt contains a combined probe [22] for investigating the field of flow

directly behind the cascade. The probe moves in a special port of the tranverse

gear 5, where it is mounted on the specially sealed rod of the tranverse gear,

which has four d6grees of freedom.

(16
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Control of the traverse gear, which is :mounted ini the orking potioih is

fully automated and accomplished from a special panel at soie distance from -the

installation. There are several protection systens that duplicate one iotnuher aid

4 eliminate the possibility Of the probe bieaking during the experiment. It should

" be emphasized that for wind tunnels in- general, including th' -steam-type, which

operate with- deep vacuums in the exhaust chamber,. expcialy , the -qUestions -con-

cerning the sealing play a paramount i oje. However, a detai71d description of the

design of the turbine, the traverse gear, and the electriclI ciicuit Is;hbt within

the scope of this' book.

§ 5. M-,ASURINfG DEVICES OF EXPERINTAL TURBINES, I
Experimental turbines have two independent measuring systems: an, pp6,rt-ional

- one and an experimental one. The operational~measuring system -practically does not

differ at all from the conventional type used in turbine units. 'It can be put

together by the usual operational instruments of class 1.5 to 2.5 and it is -used to-

control the operation of a machine on the whole and for a rough-approximation Of

* I the -necessary parameters for an, experiment.

The experimental system provides exact measurement of the various, parameters

that are necessary for the specific investigation. It should -be sufficiently

flexible, reliable, and simp'.e to assemble, since in various investigations the

number of measurement points of various parameters can vary from 15-20 to 80-100

and more.

1-et ui: consider in greater detai-1 the -measuring devices amid instruments of

the experimental system.

Measurement of temperatures is possible by various methods. In the PGT

laboratory at MEI, with experimental sterm turbines, they measure the stagnation

temperature T0 in front of the nozzle cascade. Considering this to be the base

temperature, the temperature fields in the clearance and behind the rotor are

measured by the differential method, which gives maximum accuracy.

In prInciple, the base temperature can be the temperature at any point of the

flow passage; however, maximum accuracy of measurements is attained in the region

of minimum velocities. In the steam box the velocities of the working medium are

minimum; ,herefore, it is the place that houses the base-temperature collectors.

The MNT measures the base temperature with platinum resistance thermometers whose

cases contnin junctions of ,:ontrol and differential thermocouples. The steam boxes

of various machines contain 3 to 8 of these heat collectors.
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The meters used In various .experiments are high-precision laboratory-type

and standard automatic electronic bridges and potentiometers. They are checked

with the help of normal elements and standard resistance coils of the first class.

A schematic diagram of the arrangement of heat collectorsand pressure measurement

on-the DT-3 turbine is shown in Fig 83.

8* he t olere" lUP

1.All eor mi d.w ti mi &M4 tLU.
the birbima m r er-
tl..1 seticnm arsie wmr

I I

Eleetni reitael~boratery 30

Fig. 83. Schematic diagram for measuring-pressures and temperatures in the ex-
perimental turbine 3-3 MEI: I - heater column; 2 " liquid-column battery
manometer; 3-- liquid-column base-pressurema-nometer; 4 - tank for battery
manometer.

The measurement of pressure, due to the large quantity of measurement points,

is the most tedious. Since the requirements for the accuracy of pressure measurement

are very strict, in most cases it is necessary to use battery-type liquid-column

manometers,- -filled -with water or tetrabromoethane and only at pressures of the

order of 2 bar iE the use of standard manometers of class 0.2 or 0.35 possible.

In principle, the systems of pressure measurement for air and steam are

identical. Their distinction consists only in the way the connections are arranged,

which is caused by the condensation of steam in the pulse lines.

Figure 83 gives the schematic diagram for measuring pressures in the 8T-3

turbine. In this turbine it is necessary to measure %he pressure in four sections:

1. Section I-I. Total stagnation pressure P01 is measured at eight equidistant

points on the mid-diameter of the nozzle cascade 40 mm from the leading edges of

the blades (Tol(i-8) in Fig. 83).

In the entire system of pressure measurement the connections inside and outside

the machine from the sampling points to the heater column 1 are strictly horizontal.

Further, tubes from various points are introduced into the heater column at

different levels and lifted inside the column to a common level of H = 2 m

6)
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(horizontal plane A-A).

The connections from the column outlet (Point B) to the entrance to the

measuring tubes of the battery manometer 2 are arranged in the plane AA. Since

the condensed steam,, which builds up in the horizontal-sections-of the measuring

donnections, does-not introduce an error into the measurements, arid the Vertical

sections, which pass inside column 1, are heated' up by live 'steam and therefore

are free from the accumulation of condensed steam, possible condensation in the

connecting lines does not distort the value of the measured pressures.

One of the points, poll, is selected as the base, and the absolute value ofI.
PO1 1 is measured by the liquid-column manometer 3 with-as much accuracy as possible.

Further, the pressure p 0l of the horizontal pipe is fed into the tank 4 of the
liquid-7column battery manometer 2.

Consequently, alli easurements of pOI, poll, Pill, and p2 1 I in the flow
•passages are conducted by the differential method with respect to the base pressure

2. Section II-II. Static pressure (9-16) is measured, at dight points

(' in the root and 4 in the upper cylindrical sections at 900) and the total

stagnation pressure POII '(7-32) is measured at 16 points (8 on the mid-diameter,

4 on the root, and 4 on the upper section at e(ual distances).

3. Section 1I1-III. Static pressure with respect to nozzle cascade pitch

i Pill (33-46) is measured by means of draining the cylindrical bypasses of one

channel in seven points of the root and seven points of the upper section.

1.1 Section IV-IV. Static pressure p 2 1 1 CT (47-62Y is measured .§t eight points2
of the upper and eight points of the root sections of the last stage.

Besides the described system, systematic investigations and the solution of

certain special problems employ moving probes for p* and PCT' which give the distri-

bution of the indicated parameters along the height of the blade under investigation.

For measurement of the speed of rotor rotation, experimental turbines are

equipped with indicating tachometers and integrating speedometers.

The tachometer is used to monitor the operating conditions of the turbine, but

for the accuracy of even the best operational tachometers is inbufficient; therefore,

domestic machines widely employ various types of meters to integrate the speed in

a deflned Interval of time.

The most convenient to use are electrical teletachometers and decimal

electronic counters which are fed from an induction transmitter.
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The simplest transmitter of a meter is a magnetic system with field coils and

measuring coils. The clearance in the magnetic system is- eriodically changed by

a cam that rests on the shaft. This leads to a change of the magnetic flux in

r o the magnetic circuit of the transmitter and the appearance of a peak-like emf in

the measuring coil.

Peaks of defined polarity are fixed by an electronic counter during the time
of the experlment.

For measurement of the flow rate during cxperlments with steam, the- greatest

accuracy .(A 0.i%)-and reliability can be obtained by using condensed steam

measuring tanks. Veturis may be recommended when chokes -re -employed in the air-

,supply system. During operating in a supercritical regime, the venturis ensure

sufficient accuracy, especially for calibration of superheated steam with the use,

of measuring, tanks.

Measurement of torque with -high accuracy is a rather complicated problem.

It may be solved, by using torsion dyniamometers of various -designs or loading

devices with a "weighted" stator. The secondmethod at present ensures the greater .

accuracy; however, it leads to considerable complication of the machine design.

'With the correct designing of the machine, the use of floating hydraulic

bushings and ,special weight heads ,with damping devices, torque can be measured'

with an error of 0.1 to 0.15% in the zone of optimum moments for the Selected type 4

of loading device.

§ i6. METHODS -OF TESTING AND MEASUREMENT ON- EXPERIMEITAL TURBINES

The procedure for setting up the main problems to be solved on experimental

turbines is given below. This procedure has been used at the MEI laboratory for

a number of years. The testing of a stage includes a series of experiments, each

of which is given a constant value of e = P./Po" An experiment is conducted with

a variation of rotor speed from nmln to nmax , In this case, nmints determined

by the least required value of u/ct; nmax is determined either by the maximum

required value of u/cm, or in certain cases, by the strength of the stage being

* tested. Fixation of parameters during the experiment is produced in 6 to iO points,
each of which is assigned a specific speed.

-At each point the values of the measured parameters are recorded 5 to 10

times. After making the recordings, the speed is changed by adjusting the loading

moment of the water brake, and after a pause which is nece.sary for stabilizing the

regime, the following cycle of measurements begins. The measurement cycle is
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produced in a strictly defined period of time, during- wiich the measuring tank of a

condensed steam and the integrating tachometer is turned on.

The -valIues P0o 0, and p 1 that are obtained for each point I axe average'd

[Y Ai

according to the known formula A--- , where a is the number of measurements in

the s-eledted time interval. 1<
Further -calculations of stage parameters are conducted, on the basis of the

averaged results. The flow rate and velocity of rotation are measured in the

form of total quantities Gl and nf during the time of the experiment At, whereby

G0 = GAt and n = nat.

On the basis of the averaged values of poi TO,. and P 2 the available heat drop

of the stage, h0, is calculated.

One-of the main results of stage tests is the obtainment of the dependenceJ
The internal relative efficiency O and u/c are Caluiated by the following

formnulas:

where M HP is the torque In m(NTP);

n is the speed--of -rotation in rps;

G is the flow rate in kg/sec;

ho is the heat drop in kj/kg.

When conducting the experiment it is more convenient to use the following

formula: i

which somewhat simplifies the calculation and makes it more exact. In this

case the results of the investigation are presented in the form of tables or

graphs which are similar to those shown in Figs. 84 and 85.

For Investigation of the reaction distribution in a stage, it is necessary

to know the static pressure behind the nozzle cascade, p,.

This pressure in the simplest case is measured by means of draining along the

pitch of th;e nozzle cascade in the upper and root sections. The pressure field at
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the cascade exit, which is shown in Fig. &', is

.P9  " distinguished by considerable-irregularity with

respect to pitch; therefore, to avoid errors in the +

measurement of the degree of reaction, drainage

* must not bet-replaced by One point for-sampling

pressure.

For determination of the mean ,values,-of pressure

r pi , and pi in the upper and root sect !ns, it is

possible to use the, following known foimula:

-g 7! 1fJ " a"),s-.
P,,=T:-I, - --_ / _ _

Fig. 84. Graphs of the.
variation of static pressure
in.'theroot pi,'and periph-

eral p sections -ofa where z is the number of drainage points, which

nozzle cascade with-.espect
to pitch E a-nd" the velocity ranges-,from 5-0to 0.
r atio u/c. 41)u/c
0 u25/i i) 0.30 n;; 3 0 T the -investigation of stages, of considerable4) .375g:), 0.-042 3) 0.39"diPL

t) 0.376; -5) 0.12 accordin interest is the study of the change of the flow,_ ~ ~to MEI-experlments at £ - ,i

= 0.65). .rate coefficient from u/c6 and s -(or M).

On the 'basis of ,exerimental data, it is easy

to determine

Pq =

where'-q- -is -the--given -flbo -rate of-gas; B- o.66i for k = 1.3, and B = 0.67 for

k = 1.4.

When s 5 e* and q =1, this formula gives the value of p for p

According to the results of an experimental investigation conducted by MEI,

when-s = const,,ILq = f(u/ct). The investigations established that when s > e,,

Pq decreases as xq increases. These changes can be explained by the growth of

the reaction, which leads to a decrease of the pressure drop in the nozzle cascade

(an increase of e. = Pipo), and consequently, also to a decrease of q.

For the characteristics of a stage, considerable interest is stimulated by an

investigation of the influence of leakages through the diaphragm seals. When

setting up this experiment, the chamber between the rotor and the diaphragm (with
a cantilever-type shaft design) is fed a certain amount of steam,,"G = AG/G 0

(CO is the flow rate of steam through the iozzle cascade), with an initial tempera-

ture To.
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The results of this investigation are shown in

I -,Fig. 85. This graph distinctly illustrates how the

01 :efficiency of a stage drops as the diaphragm leakage

460 increases.

-- The graphs in Fig. 85 were constructed according

47 -•to MEI experiments conducted at Ne = o.58 and s = 0.8.

- In an experimental investigation of turbine stages,
1,2 03 AL' 0 X# as already noted above, of great interest is the study

Fig. 85. Dependence of
of the influence of the Re number on the stageinternal efficiency T10i .

on velocity ratio x and characteristics. This is especi4lly important in the
diaPhragf leakages ti =AG investigation of the last stages of steam turbines,which

± G= ;2-.; - AG %; -. can operate outside the region of self-similarity.
1.2%; 3 - 2.4 %; 4 - 3.6%

(MEI experiments). On the other hand, in any investigation of stages,

the manifestation of the region of Reynolds self-

similarity answers the question of the possibility of extending the experimental data

of a model to actual stages, and therefore it is absolutely necessary. Since the

characteristics of a stage depend on Rb and M, in the -investigation of the influence

of Re it is necessary to maintain s(Mo) = const.

This condition- is cbmparatively easy to fulfill during operation with an

experimental steam turbine that has a condensing unit.

The results of corresponding experiments, conducted with one of the experimental

steam turbines of MEI, were shown earlier in Fig. 72. It was established for a

group of stages that the region of self-similarity corresponds to the following

numbers: Rec > (3.0 to 6.0).i5 and Rew > (1.2 to i.5).iO5 [see § 13].

These data coincide well with the known magnitudes of ReaBTM that were obtained

during static investigations of cascades (see Chapter I), with the observance of

similarity for all the basic criteria (M, Re, and EO).

iowever, they cannot be extended to the last stage of condensing turbines, in

wh*1.ch the steam flow is characterized by large M numbers and low values of Re.

The influence of le numbers at high (including supersonic) velocities has not yet

b- cn suPTlently studied.

The rliability of the obtained data, which estimates the influence of Re, is

dotermined to a considerable extent by the design of the experimental turbine, the

procedure employed, and the measurement systems. The MEI uses machines in which

bearing losses have been elmInated for conducting their systematic investigations.
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C HAPT E R IV

RESUfLTS OF THE INVESTIGATION OF SINGLE-WHEEL STAGES WITH FULL INPUT
Jj

§ 17,. SCHEMATIC DIAGRAMS OF SINGLE STAGES

Single-wheel turbine stages can be -of the impulse and -reaction type. Stages

of the impulse type are formed- by -the-nozzle cascade, which is mounted in the

diaphragm (or in the form of special assembly sections), and the moving cascade.

The impulse stages used in steam turbines are unregulated and are called chamber

stages because of their design; they are frequently called pressure stages, also.

The nozzle and moving cascades in the stages of impulse steam turbines are of

various types. They differ in profile shape and width, the entrance conditions

(usually the entrance angles of flow), the technology of manufacture, and the

methods of connecting the profiles to the cascade, etc.

The reaction in an impulse stage can be positive (equal to zero) and negative

(when the pressure behind the stage is higher than the pressure behind the nozzle

cascade). When speaking of the reaction of a stage, usually the mean reaction is

implied.* Impulse stages can have a considerable reaction. Especially great a-e

the reactions in the last stages of condensing turbines with small d/1 ratios.

As a ru].e, these stages are not manufactured with cylindrical blading, but with

specially profiled blading. These stages are considered in Chapters VII and VIII.

Reaction stages are designed with a mean reaction that is equal or cl6se to 0.5.

The profiles of the stationary and moving blades of these stages usually have

identical chords and are congruent. Stationary cascades are mounted directly in

*The mean reaction is discussed in detail on p. 194.
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the housing- or its casing (Fig. 86 a).*

- ~a) -b

Fig. 86. Typical diagrams of turbine stages:
a) reaction stage of KhTGZ turbine; b) regu-
lating stage of LMZ turbine; c) intermediate
Impulse stage of TM-Z turbine.

The last stages of reaction condensing turbines, from the point of view of

aerodynamics of flow and calculation, do not differ from the analogous stages of

impulse turbines.

Inasmuch as most stationary turbines that are manufactured at domestic plants

are of the impulse type, this book is concerned mainly with stages of this sort.

At the same time, many of the questions considered in the book can also be

r6ferred to the reaction stages of steam and gas turbines with equal sucess.

Single-wheel stages can be both regulating and unregulated as well.

*,Figure 86a, does not show the holes for passage of the cooling steam which
are foreseen in the turbine design [122].
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Many combinations of single-wheel stages were investigated in experimental tur-

bines. These investigations, which were conducted at MEI, KTZ, LMZ, TsKTI, LKZ, ZL.

BITM, and others, showed the advantages of :new cascades and combinations, andmade

it possible to find best gebmetric parameters of the stages. Tests of regular

turbines installed at eiectric-powei plants also confirmed an increase of economy

after replacing the old blading with the -new type.

The design-of the passage area of an impulse-type single-wheel stage is

determined by:

.-!)- the cascades;

2) the combination of cascades;

3) the relationship between the geometric characteristics of the cascades;

the relationship 6f the areas, angles, and heights;

4) the axial clearances (open and closed), the stage sealing, the presence and

size of discharge holes;

5) the admission of the stage;*

6) the design of the stage elements (diaphragm, blade shroud, and others) and

-the mAniufdViAti i technology of the cascades.

Figure 86b, and c, shows typical geometric diagrams of impulse-type regulating

and intermediate stages of a high-pressure turbine. Some other types of stages are

represented in Figs. 56, 119, 132, 134, 136, and 138.

The selection of -a geometric diagram for a stage depends on many factors, the

main ones of which include:

1) the function of the stage, e.g., regulating or unregulated;

2) the approximate value of d/, which is determined in the first place by the

volume flow rate of the working medium and the rotor speed;

3) the absolute height of the cascades;

4) the operating conditions of the stage, i.e., the pressure ratio e = p 2/pO ,

the velocity ratio u/c =¢2 u c2' and for stages that operate in a range of low

0 0

pressures, the Re number, moisture content of the 3tcPn and, in certain cases, the

conditions of steam entrance to the stage (angle a0 and the irregularity of flow

nlong the height);

*Stages with partial steam input are considered separately in Chapter VI.
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5) the possibility of further using the kinetic energy of the outlet velocity;

6) the possibility of changing the operating conditions of the stage;'

7) the admission of the stages afd the quantity of-nbzzle arcs. (including the

gap between nozzle sets);

8) the possibilities of the stage sealing;

9) the strength conditions of the stage 'elements (blades, disk, diaphragm);

10) the technology of manufacture of the blading iand, in particular, the design

of the diaphragm.

Let us consider the influence of these factors.

1. The regulating stages- has its own distinctive features; namely: a) partial

steam input through several nozzle arcs; b). variable heat drop, and consequently,

variation- of e and- u/c$; c) steam leakage through the front end seal; d) connection

of nozzles to separate sections; e) increased chords of rotorblades (in the

majority of cases).

2. The magnitude of 0 = renders a large influence on -st'age design. For

small d/Z, usually when d/1 < 6 to 12, the moving blades, and sometimes the nozzle

blades also, have a varying-profile height. Even at large e,, when there is no

- -ifor twisting'the stage, 0 determines the-selection~of the mean reaction of the

stage, i.e., the ratio of cascade areas. The smaller d/ is, the higher the reaction

at the periphery, the more important the sealing of the outer open clearance and

the installation of the seals of the blade shroud.

3. In the first stages of turbines it is necessary to make the stages with

low absolute cascade height4s, This creates additionalrequirements for the stage

design: a) a decrease in the chord of the nozzle and moving cascades, taking

reliability into account. This aecrease of 2_ord should-be accomplished to definite

limits, when it gives an increase in stage economy (see §§ 10 and 22). The

narrow nozzle blades in high-pressure stages frequently require diaphragms of

special design; b) for nozzle and moving cascades with low relative heights,

special profiling methods should be employed, in particular, meridional profiling,

modified profiles of rotor blades, and others; c) for low heights, an essential

influence on economy (and also reliability) is rendered by the accuracy and

technology of manufacture; d) for low cascade heights, there is an increase in the

relative size of the clearances in the stage. Therefore, such a stage should be

thoroughly sealed. Inasmuch as steam leakages over the shroud depend on the

reaction, small reactions'should be selected for these stages.
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4. The operating-conditions of the stage mainly determine the selection of

cascades. At supersonic and transonic velocities, cascades designed for high

economy under such conditions should be selected. Various stages have different

values of the optimum velocity ratio .u/c$. This also should be considered. In

particular, an increase of the reaction increases the optimum ratio u/c. On the

other hand, considerable' additional losses (due to friction, steam leakage and,

with partial input, losses connected with partial admission) lower the optimum

value of u/c.. If the stage preceding the one under consideration operates with

a small u/ct ratio, angle aO, the angle of entrance of steam into the stage, will

be considerably lower than 900. In this case the nozzle Cascades should be

designed :for conditions of work at a small ad angle. The irregularity of the

parameters of velocity and its direction with respect to h~ight also must be

considered-during the designing of a nozzle cascade.

5. If a-stage whose kinetic energy cannot be further utilized (a regulating

stage, e.g., the last stage of a turbine or cylinder, a scage before a sudden

change in diameter, and so forth) is being designed, it is desirable that

the output loss be reduced to a minimumi In, particular, the angle

of direction of the outlet velocity from the last stage of a set should be close

to (900 + 02) and 900 for some stages. For these stages, angle a1 should be the

smallest of those which provide a sufficiently high economy. Th the first approxi-

mation one may assume that the relative loss with the outlet velocity is equal to

-* c.. ('ric,)' Sint'u1.5-i

6. If it is known for certain that a given stage will be operating with a 4
change of conditions (turbine stages with variable speeds, regulating stages, and the

last stages of all turbines), it should be selected in such a way (and in particular,

its cascads) as to ensure economic stability in the entire considered range of

condItions. Proceeding from.varying conditions, such stage characteristics .G u/cb

and p, for design conditions, sometimes are expediently selected as nonoptimum.

7. The admission of steam requires a special calculation of the -ratio of

cascade areas, a moderate reaction, a lowering of the velocity ratios u/cq and,

for decreasing the losses, special protection.

8. Clearance seals are useful in any stages, since they reduce parasitic steam

leakages and increase the economy of the stage. However, in a number of cases the

() soals of a stage, especially the seals of the open axial clearances and the radial
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I clearance over-the shroud, complicate the turbine design, assembly, -and operation.

In connection with this, stringent requirements should be placed on the clearances

only where it is actually necessary. At-the same time, if it is not possible to" C)
sea! a a-tage very well, it -is necessary to -work out its, design in such a way -so

as- not to considerably lower the stage efficiency. It should be recalled that

stage seals influence not only econcy, but also the magnitude of axial stress.

Diaphragm seals,_ which are installed in all chamber-type stages, on the one -

!:hand, reduce parasitic steam leakage past the nozzle cascade, -and-on the other
hand, they decrease the suction of steam intb the moving cascade through the open

roct clearance. An increase in leakage through a diaphragm seal increases the

axial stress in- the stage. BITM -experiments r5] also showed that leakage through
this seal increases- the disk friction losses. The relative magnitude of this leakage
depends on- the ratio of equivalent area of the seal

1- Z (102)

to the area of the nozzle cascade F,.

The ratio F .3X/F i is especially great in the first stages of turbines, where

the volume flow rate of gas, and consequently also F,, are small. In these stages*

it is necessary to increase the number of strips of the diaphragm seal with minimum

clearances on the sharp edges [97], [126].

The discharge holes in disks make it possible to essentially lower the negative

influence of this steam leakage on- the process in the moving cascade. It is

necessary, however, to consider that a very large area of discharge holes will lead
to suction from the chamber behind the disk into the moving cascade. Unfortunately,

it is impossible to exactly calculate the optimum area of the discharge holes

practically;, since this requires a knowledge of all the clearances in the stage

and Its reaction with a high accuracy. The limiting area of discharge holes is

found by the formula

,, J', 1.

F , f;., ., (103)

The designations adopted in this formula and the computation of the necessary

magnitudcs are found in § 12.

Sealing on the periphery of a stage is especially necessary in stages with i

small cascade flow areas and with a large reaetion on the periphery. If it is not
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possible to seal a stage on the periphery very well, a small stage reaction must

be employed, aithough this can sometimes lower the efficiency, which is calculated

without leakages. It should be indicated that radial shroud seals are of value only

if the clearance in them is less vhan the upper open clearance -or, at least, of

the same order (for greater detail, see §12 axid 22).

9. The stringent requirements of reliability determine many dimensions -of a

stage. First, the width of the rotor blades, as a rule, is determined -by strength.

Secondly, the thickness of the diaphragm and its design also depends on strength.

Thirdly, the conditions ofreliability frequently determine the full, axial clearances 7-

in a stage (the distance between the trailing edges of the nozzles and the leading

edges of the blades). As shown by experiments, full clearances within knowm limits -

do not render a noticeable influence on economy (and sometimes it is even favorable

to Increase theh); at the same time, large axial-clearances increases the vibrational

reliability of the rotor blades. Fourth, the requirements of vibrational I
reliability force the application of lacing or damping wire, and sometimes in the

places where these, wires are installed it is necessary to thicken the profile.

These circumstances lower the economy of the stage.

It is especially unfavorable to install a wire shroud in short blades, which

is applied sometimes for removing type "B" vibrations. In this case the flow over

the entire cascade is essentially disturbed.

The installation of stellite cover plates for protection from blade erosion -

in stages that operate In a moist steam region frequently disturbes the shape of

the profile, which naturally lowers the conditions of flow in the cascade.

Therefore, stellite cover plates as much as possible should be placed flush with
the profile or, at least, without abrupt transitions which cause separation of flow.

10. The techfiology ofblading manufacture renders a large influence on the

cffcctLveness of a stage. Although there are still no sufficient experimental

materials, an increase in the quality and accuracy of manufacture of profiles and

internal surfaces of end walls, all the same, is undoubtedly important. Stage

economy Is lowered by the following deviations in the manufacture of blading: a)

deviations In dimensions of separate channels (height, pitch, angle); b) non-

observance of the diameters of nozzle and moving cascades, which leads to a change

of the inteirnal and external overlaps; c) thickened trailing edges; d) raised

roughness; e) an essential change of cascade pitch in the disassembly points of the

diaphragm and in the locked rotor blade; f) looseness between shrouds of the

( ) assombled nozzle cascade and gaps between the shrouds of the rotor blades; g) loose
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adhesion-of blade :shroud to profile, --and others.

All this can essentially lower the efficiency of a stage. The technology.

of manufacture of welded diaphragms frequently does not make it possible to obtain. CV
a sufficient accuracy for all channels of the nozzle cascade, especially with low

heights. The cast-iron diaphagms with lined nozzle blades, which are employed in

stages with low steam temperature, also have their peculiarities: -high roughness

of the bounding surfaces and low accuracy in- channel dimensions.

It should be indicated that a deviation in blading dimensions leads not only

to-increased cascade losses, but also causes a change of the reaction and, in.

connection with this, a change of the leakages and the axial stress. Both welded

and cast diaphragms have channels with restriction on the root and peripheral radii

along the circumference; milled nozzle cascades usually are bounded by straight lines.

§ 18. INFLUENCE OF THE BASIC PERFORMANCE PARAMETERS ON THE

EFFICIENCY OF A STAGE

The basic characteristic of a stage is the efficiency which considers all the

losses, e.g., relative internal efficiency; T * Relative internal efficiency is

usually -defined as the difference of the relative blade efficiency, Soj, and the

sum of all additional losses:

0-o04)

Relative blade efficiency can be expressed analytically by the following

formula:1

"A 2x C.%y o~i (f- Co XQ+ \ * # 11 (105)

where

,. =,(e) 2,xcosa,1,1-Q.

Direct use of the results of static investigations, especially the results

of static tests of two-dimensional cascades, in a number of cases can lead not only

to errors, but also to incorrecL qualitative conclusions. It is especially difficult

to directly use the results of static investigations of cascades during variable

operating conditions of the stage, when It is necessary to know the velocity

coefficients, depending upon the M numbers, and in certain cases also on the Re

number. It is also necessary to consider the change in conditions of entrance

to the cascade. A change of the reaction of the stage influences not only the

redistribution of heat drops betweeni the cascades and losses with the outlet
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.velocity, but also the 1osses due to steam leakages, which formula (105) does not - .

consider.

The -lllowing exaunpl. shows how unrellabli, It Is someimes to use thn:,, ki-hti:

of formula:: and the results of :statLc wind Lests of two-dilmensionsl cascades [OG].

*-Figure 87 presents a con-

- -aparison of experimental dataJ

.00 -- from experimental turbine

- tests with a calculation based

# -' . - -. -O V on the results of investiga-

S"-u - -tions of two-zdimensional

- 7 -- .L. .. ," -- - , cascades. A comparison

a) b) c) is made for atypical 124Z

Fig. 87. Comparison of experimental data with cal- stage when D/c. = 0.54 and
culation according to the results of investigations
of two-dimensional cascades if an, experimental tdr- Me 0.5 for three heights,
bine for different heights:. a) 1, = 16.9-mm; b) F

I = 29_.a mm; c) -li = 47.1 mm (L!4Z experiments), depending upon the angle of

,x-x-x- experimental data, 0-0-0- computed yalues. incidence of the nozzle

blades, as. From Fig. 87 it

follows that the curves -which were constructed directly according to tests of two-

dimensional cascades in static conditions* do not give proper coincidence with the

results of experiments in a turbine even with respect to its character (see

§11).

In connection with. this, the best --. the most reliable means of determining

the efficiency of a stage and the inf2l.tnce of performance parameters on efficiency

are tests in experimental turbines that are conducted according to the requirements

of the similarity theory (see § 13).

Let us consider how the basic performance parameters influence the efficiency

of a stage. The performance parameters include: the velocity ratio u/cq, the

pressure ratio c = p2/po (or M0 number), and the Reynolds number, Re. The efficiency

of a stage is normally calculated -depending upon the utilization of -the outlet I
velocity in the following stage, i.e., Oi andOV

*The values of efficiency that are calculated according to static test data,

starting froA ay = 37°58', are insufficiently reliable, since there are no exact

data on the losses in a moving cascade at large leakage angles. In this zone, the
indicated efficiency curves are representeu oy a dotted line (note from LMZ engineer
A. 0. Lopatitskly).
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In this paragraph we shall consider the dependence

i.I Influence of Velocity Ratios u/c on theiEfficiency of. a Stage

I -A change in the-velocity ratio u/c1  (when £ = const) shows up in the

efficiency of a stage due to:

a) .a .change in the outlet velocity c2 , and consequently, the magnitude of losses

with the outlet velocity

r..= (cIc .
b) a change in the outlet velocity from the nozzle cascade, ci, in connection

with a change in the reaction, and sometimes the heat drop in addition; the

cascade losses also change, since the Me and Rec1 numbers change;

c) a change in the flow entrance angle i and the velocity wi;

d)- redistribution of heat drops between cascades, inasmuch as the effectiveness

of the nozzle and moving cascades is Varl-jus;

e) a change in the losses due to leakages, which directly (or indirectly

through the reaction) depend on u/c

f) a change in the losses due to disk friction.

For a specific stage iith its conditions (s and Re) and geometric parameters
i! krnown , the following dependence may-.be found

Such a typical dependence is the curve that was shown earlier in Fig. 64. The

experimental points were obtained in an MEI experimental steam turbine for a A-2-2A

stage at s = 0.7 and s = 0.5. The diameter of.the stage is d = 534 mm, ZI = 25 mm

(two) radial shroud seals, 6 = I to 1.2 mm, and open axial clearance 6a = 1.8 mm.

The efficiency, qOi, takes into account all losses, including the losses with the

outlet velocity, disk friction, and leakage through the peripheral clearance. The

specific gravity of various losses in the common balance can vary for different

stages and difl'eront conditions. Earlier, in Fig. 63, for the same step we showed

the calculated distribution of losses in this stage. From the graphs it is clear

that Che efficiency (in the considered range of u/c ) is determined mainly by the

losses with the outlet velocity.

It Is obvious that the optimum value of the velocity ratio, is Of
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much Importance- to a stage.. For Impulse stages with cylindrical blading, t
varies, from 0.15 to 0.55 and depends -mainly on pCP(or on-,Fand ii) d/1, the

reltie-siz e of 'the clearances, and 'the disk friction losses. -Inasmuch as usually

C) talod d9  -on:--/i .(o h eetoi6 'r f( , e ) te 1

in turn are-propbrtinal,,to the height I therefore, in -the -deterniation of

11; Is possible; to be govcrned mainly-by the dependenice

Thi deenence,, for a _tg ihgodsaig .(without -meridional profiling)

is represeinted in Fi~g- S8.

It should be 'toniidered. tha't with the-use, of the -- ~-

- I- outlet velocity- the atimum velocity ratio, 4 TT

inicreases somewhat, and the curve- for f f(U/C,)- is- 1
-- - -more sloping' then the, oie for 11,- f (u/C ,).

- No less important is the stability of stage

4*5efficiency, depending upon u/c,, inasmuch as. with a

-3D ~ deviation of the conditions from the calculated ones,-

-Fg. 8.3eetin fthis -ratio- al'.so-- changes-. 'But -also under rAted, cdonditionis
..ptimum ratio u/ 1.j it is frequently necessary to design the stage with
depending on -hcight oft f/ ~ epcal hn h /~ al slw
nozzle cascade 1.and '', (/Ctonr., eseily hnteu/4 a-o slw

mean reaction Pp. A lowering of x makes it possible t o develop a
lag~etdo ihthe same stage diameter (actually, -j "

the cascade height will decrease somewhatintsisacebuthsdrae

usually is very small), which reduces the number of stages:

(106)

If the number of stages, and consequently also the heat drop of each stage

remain the snme, then a decrease of the calculated velocity ratio x makes it

possible Lo lower the diameter of the stage and to correspondingly increase the

length of the cascades. Since the effect of cascade height on the efficiency of a

sltage is groater than the cffect of the diameter, then for a sloping curve of the

dependence i1ojr. f (x~) a certain lowering of xq may even be profitable. 'I'llis

()It should be added tl at, with a constant heat drop, the disk friction losses aqre-



_apoiae 5appoxiatey -ropormional to

iX6
Adlowerting of u/c may be especially necessary. For the acceptable values of

blade heights, this lowering would make it possible to reject partial, steam. input.

This Would lead not only to an increase in stage efficiency, but would make it

possible to use the ottlet velocity in the following stage. denerally, in the case

of the use of the' outlet velocity c2 or-even its axial component ca only, the stagd

efficiency has. a more iloping dependence onu/cm, which makes it 'possible- to- lower

u with-a greater benefit. It is necessary, however, to consider that a significanit

decrease of u/ct causes an essential change of 'the anglea 2 . This antL ' ecomes con-

siderably less than 900 and; in this case, if we apply the usual proft-lUs -foi the
nozzle cascade of the following stage, the losses in it will increase (for greater

detail, see '§ 24).

Certainly, in stages with a .4ufficiehtly high cascade-'height,. 'a lowering of the

cofnputed valve of u/c& will not give an increase in economy, since the effect of'

height drops as I increases. Here, a decrease of u/c can be justified only by

simplifying the design.

In'MEI stages, as compared to old and certain new combinations, the stage effi

ciency with deviation of u/cj from the computed value changes in a' 'michi smaller

degee. Thus, for instance, the efficienctwthout the use o the outlet velogity

710 for a FI-2-2A stage whose nozzle cascade height is 25 mm and with a variation
-e'e.Tufrisacth fi n~~tou h s o±' th oule velo ith

rom x to x -'0.3, drdps a total of ATI/ 11.7%, and AT 2A% with

an Increase to x ' 0.6. According to old company graphs (see Fig. 129) for efficiency

with the-use of the outlet velocity qojf this change amounts to 16.1i- and 5.i%, rebpec.

tively, and o6n 'the basis of NZL curves (Fig. 130), it is equal to 13.3 and 7.0%. 'The

higher stabklity of the efficiency o- :MEI stage is explained by the following reasons:

a) resistance of nozzle and moving cascades to variation of velocity and entrance

angle;

b) sel~ction 6' a favorable reaction;,

c) correct selection of combinations.

The sealing is of much value for stable stage operation. If at optimum values

of u/cf the reaction of the stage is selected in such a way so as not to allow

F *The technical and economic foundation for the sele'tio of u/ct < (u/cW )on T was
given in the NZL reports.
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considerable loses due to steam leakages through the clearancds, cheri as u/ct

changes, there -is a corresponding- cange of the reaction, and additional losses du.

to parasitic leakages can- inc:-ease essentially.

2. Influence of Pressure Ratio s on Stage Efficiency ' V
Until recently, the influence of the pressure ratio, e = pP 0 , on the efficiency

of a single-wheel stage wis not noted at all in literatuie and was not considered

in calculations. Certain- organizations that conducted Investigations of stages

in experimental turbines' did not detect the influence of . This apparently may

-be explained by the fact that there are still very few experimental steam tutbiries
'and many ihboratories are imited to tests in air-driven turblhs; where I usually

the influence of compressibility is not investigated. In the 'MEI experimhental

steam turbine, in the majority of experiments the pressure-ratlo e varied form 6,.9 to

,0.5, which rot, only made it possible to detect the influefice of' e,. but also to use

the results of these investigations- for a wide range Of turbine stages, including

regulating stages, and also for -alcuiati6n of variable stage performance.

.The influince of P on stage efficiency due to the following causes:

a), change of cascade losses, depending upon the- M number; especially perceptible,?

is the change of losses depending, updn the Mc number in -the nozzle cascade; a graph

for Cc f(Mc') was illustrated earlier in Fig. '55; it is-this dependence that.

mainly determines the influence of s on, stage efficiency;

'b) change of the rbrtion of the stage and, due to this, redistribution of

heat drops between cascades, and a change in, the steam leakages.,

-I various stages the inf-iuence of e is expressed differently. The functlon

i= f(s) depends on-the cascades of the stage, the ratio of ai'eas, 'F2/F -and

d/1., and u/cD in a number of cases. In certain: stages the optimum velocity

ratio (u/c )OnT is kept for various-s, while in others it depends on s.

In MEI stages, of group "A," which are recommended for the f rst stages of power

turbines, the first and middle (and sometimes the lart) stages of turbines of' low

and medium power-, and for regulating stages calculated for a large heat drop, the

optimum pressure ratlo e varies from 0.65 to 0.8. An increase in the heat drop

(OIcernaaso of' e) leads to a lowering in efficiency due to the less favorable condP ions

of' flow In the nozzl,: cascade and the raised reaction, which causes increased steam

leakage. "mall heat drops (large s) also lower efficieni'-, but to a smaller degroe.

In thils cao, the lowerJng of officency is connected with the raised losses in the

nozzle cascad, the optImum conditLons of' which usually amount to = 0.6 to o. (,
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qxnd*:also in cert. in' stages it; i o-nnectd,-ai th, appearance of a- negative.

~- Ireaction in the root sections'.

-I-A

IT

434

1P1A

Fid. 89.. Dependence -of efficiency r 10 on velocity

-.atio u/c-qf for various-values of pressure ratio 6

= (MEI experiments):

Figue 9illustrates experimfental (from m~i experiments). graphs for the

dependence qi~ t(s, u/c- ) obtained fromiesis of an--MEI 1MI-2-3A stage forI

4 i8 mm, d'i 4~00 mm, (Reira 5 .8.10 5 , and'F2/Fj = :1.55. F'or the value ofu/~ >

>: 0.5 the maximhumr efficiency corresponds to conditions of e 0.8. If u/c d)

01.115 and e is increased to e = 0.9, the efficiency i is lowered by i.5%, and

with a large heat drop (e 0.75), only by 0.'5%. The intersection of the efficiency

curves is not random, but is confirmed by -a detailed calculation of the stage. An

analgousdependence was obtained during the calculation of a stage with respect

to tihe aerodynamic characteristics of the cascades (including an actual diaphragm).

For ancLhier . age, 1-(-2-2,A -(II= 25,mm and d = 534~ mm), Fig. 90 shows the

dependoeE of' cfficiency 90Lon c for several values of u/c . A graph of the square

of the velovity coefficient q)2and the welded diaphragm of this stage is plotted

there. lBoLh graph. for i, and q)are qualitatively similar and are combined into

one; It should be considered here that due to the reaction of p1/po > p2/p0, the



curves for zqOi .jcd T-qfor the same

is conditions: shoulrd move along the axis s.

-Inasmuch as --in a turbine (dspeciAllyt

- - - .... ," "when n = const) both u/c. and e change
i ""Foxsmultneouiy, for specific conditions

, (initial steam Parameters and peripheral

Vellocity), it is necessary to,, reconstruct

OL _L _J the-graphs and obtain a sile

dependence of effi&iency 6:i the change

Fig. 0 Depeidence of relative in- of conditions. An eXample of such
ternal- 6fticii-f y -1o i ,of A ,/-2-2Ate e(d = ic an * a W A and reconstruction was shown in Fig. 60. -

stage (d 534f 1mm and~l, =-5 nx) and
the square of the velocity coefficient Another example of reconstructing the
-2 of the welded diaphragm .bf this efficiency according, to the results of

stage on the -pressure ratib S (MEI -ex- efficiency
perimeits). tests,'-at MEIr, dependiig, upon heat drop

0h And peripheral velocity u '(for giv~n initial parameters), is shown, in,.Fig.. 91.

From a c6nsideration of these two graphs,

7Urq/f4r/35atn it is clear that for the same stage,

's/, 0 depending upon the selected constant

151/.- -Wspeed, the character of tfie dependence

1*71--- "10i = f(ho), (or qOi, f(ii/c ),. the

optimum, ratio (u/c a O and- 'even the

- magnitude of maximufi-efficiency qmi

4 0#U 5 50 - - q gjg / all change to some extent.,-

The influence of a on~ efficiency
Fig. 91:. Reconstruction of curves for
qOi f(u/c,, s) depending upon the heat was also noted in experiments-at KTZ,

drop hO and peripheral velocity u with LKZ, and others.
constant parameters (MEi experiments).

It is .possible to, design a stage in

advance which has the highest efficiency

for the given pressure ratio s. For this, as indicated in Chapters I and II, it Is

necessary to select cascades that have minimum losses, namely at and numbersMc MW2

which correspond to the e ratio; for given a and x , a ratLo of areas should be

selected at which the losses due to leakages will be minimum (usually in practice,

with a root reaction of p. = 0.03 to 0.05).

3. Influence of Re Number on Stage Efficiency

The influence of the Re number Is evident in the conditions of flow in the
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-nozzle and moving cascades, and consequenitly, intevlctyad .orate-n

coefficients.

-At 1J4Z, tests were conducted -in-an exeieia ubn ihatypical stage

for,", const and'-Re = vari In this case, Re - varied' from 2_1O5 to 16.iA ~
Ci V

In this i ae, a decrease of, the Re hifiaber- by~ to.3.5 times-did not resultin a

perceptible chazke '6k efficiency [66].

The effect 6f this criterion W'as 'nbtice able- in M~I exp6rimentsi with an

experimental:'sea turbine at large values -6f Re, and -it -was eVen considerable' in a

j ,particular z6ne (see Fig. 72).

For stagep,,with a small reaction, -bn the ozie hand,'the influence of losses .ini

the nozzle cascade on stage efficiency.Is much greater than the effect of iosses4 in-

the moving cascade.. O6n th 6thexi hand, the influence of Re in the - Oving cascades

Is greater tham in th-e' nozzle~bescades, and, Re~ b cit/v, usually exceeds

Re ~ b'wt/v, a feiw times fn- &neral,. therefore, it is difficult to decide which

one,'pLays predomnnt role in. this influence,, the nozzle casca'i6 or~ the moving one.

'This may be donek brjS for A. -sccif1c -stage and, known conditions of its operation.

It should be id6t that it is- impossible to analyze the influefce of the

REEE:E umErtonstage performance without-epn the othr critria, onstdnt;,

thep~esur--rt~oe, n prtiula,.A disregrd of this can lead to incori'ect

The influence of the Reynolds numbei on the effcec _fa.~ae snto

exhibited In a chainge of cascade losses, but aloa change in the reaction, which~

isconnected wtths Loesdue tosteamlekge wt a hfgl eracin

in, turn, also change. Furthermore, the -Re number also renders aii influence on the

losses due to disk friction.

If' a-stage Is being calculated, it Is possible to cornputc-the Re number

sepai'ately for the nozzle and moving cascades If the magnitude of the reaction is

unknown ILn the calculation of test stage, it is more corive-nLent to- use the

generalized criteri1on

Re~

wIIur( c P Is a fictit'..us vvlocit-: that is calculated for the entire heat drop

of the s1talu. f'roni the stagnation parameters; b I is the chord of Lhc nozzle cascade;

Vthe k',nemritic viscosity with respect to theoretical paiainetere behind the
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In .periments with various, stages in MEI e*eimental turbines,, the influence

of the Re number on st age efficiency was detected at approxiiately -Re, 3, to 6.-e 5 .

C) The bounidary'of Reynolds self-similarity, and also the quantitatie ifhflence of

Ile on~efficdecy,. depndrs dn-the cascades of the stage, e (ori.Mnumbei), the

reaction, and other factors,,

max
Figure 92 shows the change of the maximum efficiency of .MEI stages, jax s

,depending upon Recl for three 'MEl stages havingd = FJ00 mnand I= 4 mm. Experi-

ments were conducted at .EI with an experiental steam turbine, whereby the ,Rec

number was changed at e onst (with a simultaneous change of P0 and p2 ). For

stage 1H-2-2A, the influence of Re is considered at three ,alues of'e (-= 0.65,

0.75, and 0.8).

Jk.
4S -4" ' 'I -¢

2.5 3 '. *5 5 55' 5 L57 oil

max
F ig. 92. Dependence of-maximum efficiency q), or

Re, nuffiters and 'various pressure ratios e for thie

ME1 stages:
I.2A (F, I - I.~4). - - 0.6 -x -- o.*) A - - -O.M.?- A -

O-Oa-O~3;KRI-I/~ -2 1.711: 0-O?--5;K)-2-3A _

For the investigated stages the region of self-similarity ,starts from Rewo =

11 o .i~,which approximately corresponds to RemlA forthcaces-f he

stages (Rew 1/3 Rec ). The influence of Re at identdai u/c and e for the
-2 :1

'three stages is different. The larger the ratio F/F,, the lower the mean reaction,

;imd in stage HA-1-2A thore even appear,, a negative reaction in the root sections.

The negative reaction results in a separation of flow, the appearance of which makes

the influence of Re more perceptible. Therefore the greater the ratio F2/F1 (under

the given conditions), the higher RepBzO is. Furthermore, in the 1{J-2-3A and

10-1-2k stages under -the given conditions, the angles of entrance to the moving

cascade aro less than the optimum ones, which results in the possible appearance of

separation on the back of the profile of the moving cascades.

As e increases (as the M number decreases), the influence of Re is greater, which

S) coincides with th, data of static cascada investigations; furthermore, at larger 6,
~-191-



"Iithe reaction of the stage -is less.

: W. Tjraupel .[96], after generaliziniga nuiber .of experimenta materials (mainly.

Sion-the basis of results of static cascade tests, taking initial turbulence 'into O

. account),, gives a generAlized correction
I i "i ' 'I-i;.. "i for, the- influence of the Re numnbeir

• . (Fig. 93) which also depinds onf the "

J- S axial width of the st-e Quntitatively,

iFig. 93 coriection of efficiency, A71oa the. influence of Re on efficiency,"

depending Upon, ]§e number (according to
W. Traupel) i according to Traupel, approximately,.

_oincides_ wth the .14I1 experiments.

The influence of the Re efficiency is also confirmedby

certain othe perments, inparte ular ahe expeients ofN. M. Markov [69],

Slepik- [1132), afd 'others. It should be noted3 ,however, that certain ,ret~earch on

the influence of results off a stage was conduce tuhcorredtcy into

principle (e al-s0 changed situlianeously); therefore, the treatmnent of their results

was erroneous.

In steam turbines, the influence of Re onuefficiency, on practically show

up in. low-pressure stages at approximately p < I bar. Inasmuch a these stages, as

a rule, are equippadi-with twisted bladifig, thi's question is additionally discussed-

§ 19. INFLUENCE OF PERFORMANCE PARAMETERS ON DEGREE OF REACTION

The reacti9n of a stage wth gIvengeometric diaracteristics is influenced by

all three pprformance parameters: velocity ratio u/c , pressure ratio ei, and

Rcynolds number ee.

The influence of u/c o p was considered above theoretically in § re , where

It was indicated that within limits Of the change of u/c (which Is encountered

f or all turbine stages excpt reguldting and last stages the dependence p = f(u/c

i Iis practiceofly linear. Deviation from the linear law is possible only with very
i hlarge changes of u/c and with anessenftial influence of steam leakages into open.

clearances, which decreane the absolute value of th e reaction. This deviation iss

i especially noticeable in a (,.J nr, -'earable "negative reaction,.

Although formulas (7m)-(rn6) s, hre derived onthe assumption of a subcritical

flow, they are applicable practi.al al for a flow with supersonic velocities in

the nozzle cascade At outlet ve.tlies ngom the moving cascade which exceed the

critical uc, the dependence p fv/c changes even qualitatively, namely,
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when s is constant, the ieacti6h also remainsconst nt, and when u const,, .the

reaction increases as u/c , decreases. This ~occurs due to choking of the moving

QcsaThe dependence ,p " f(u/c ) is-.explained by the -foll6wing factors:

a) change of the relative magnitude of velocity wiind flow entrance angle' I

into the moving cascade; an increase of / in this instance leadst to a relative

decrease of Veldcity-wl, which 'is usefully utilized'in the moving cascade6, as,

compared to velodit c1 and the additional acceleration of flow in channels or the

moving cascade, respectively; a change in the conditions -of flow in the moving

cascade als6 changes the magnitude of the flow rate -coefficient 4 which shows up

in the reaction 6f the .stage:

b) change 'injthe steam leakages, which are influenced- by the velocity ratio

u/c(.P

A determining factor is the change of magnitude and directi6n of velocity wl;

therefore, the thco'etical formulas, derived on the basis of only one change of',Ai i

in -most cases give a. good coincidence with the experiment.

Figure 94 shows the. dependence .of the reaction'of an MEI KHA--2A stage (ZI =

48mm,- d/L2  7.7; F /F i  1.44) on u/cp with a small heat drop '(s = .7). As
21

can be seen from the experimental graph, even at

a 'onsiderable magntude of negative reaction, -thej dependence p = f(u/c t ) remains practically linear,.

I which Is determined by the small infiuenced of

I '" leakages (for large cascade heights.).

2, 3 ' The reaction of ,a stage sometimes implies the

ratio oiN the available heat dropo'of the moving

cascade h02 to the total heat drop of the stage h0,

which is calculated.,on the basis of the static

parameters before the stage (and not the parameters
Fig. 94. Dependence of the '

reaction of a stage, p, on of stagnant flow). Let us designate this reaction by
the velocity ratlo, u/c q
according to P,! experiments -. (107)
conductl L'or '= 0.7

In experiments on single-stage experimental

turbines, the stagnation parameters are meazured

before the stage; Lther('for: the reaction is determined by these paramot,,rs:
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The given values of-p in this book and in bther literature Are presented ,on- :.

the basis of the results, of tests made with experimental single-wheel turbines. If ;

necessary, they may be recalculated' by means of the, following fQmula:

IT- + I

-In certain -casesj for instance in experiments with single-stage turbies,, the

static pressure between the stages is determined, and consequently, the reaction p*.

For reaction turbines and, in general, for stages with large angle a,, :the recal-

culation p should be performed more carefully.

The mean reaction of a stage, p, may be. found e-perimentally by the following

three methods:

I.' It is assumed, that the mean reaction "is- the reaction on the mid-diameter,

which is deterxined a direct measurement of the static pressure in the clearance

between cascades on the mid-diameter. However, -this procedure is ,complicated and is

rarely applied because of the difficulties in the measurements, especially in steam

turbines. Since *the reaction varies with respect to pitch (see § 14), there are

probable errors in the determination of the mean (with respect to pitch) static

pressure in a cleaince in a similar measurement.
2. The reaction is changed by averaging with respect to pitch on the root and

peripheral diameters, and th6h it is arithmetically averaged

Q; +Q (110)

In an overwhelming majority 'of cases this method is applied. As show4i by,

:numerous experiments with moderate Z1 (large d/.) and the absence of leakages, the

reaction along. the blade height varies approximately linearly (see curve 2 in

rlg.; i23) and the same method is employed to. calculate the reaction on the mid-

diameter. "lTowever, this method-has the following deficiencies:

,a) the reaction on the mid-diameter in general is not equal to the mean reaction,

since the flow rate, of steam through the elementary steams is v'r$ous. Thus, the

steam flow through the stage is not equal to the steam flow determined acc6rding to

the mean parameters.

where

V1g
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Gg=2 p3,(112) i

the difference of wil ,be greater, the smaller d/Z is and the larger i is;

_for-a critical flow, this- difference will -be insignificantly small -(see § 45);

b),Sf0i ifl6, Into a clearance (suction or, leakage) the Aineariy of the law of

p f(r) is disturbed;- i,

c) for smll d/1 the dependence p = f(r) also is not linear '(&-e below,

Chapters VII and VII).

3. The reaction oni the- mid-diameter of 'a wheel is deteimined -by the: integral

characteristics 6f th- -stage. For this it is necessary to' know the Yelative blade

efficiency T 3 , the-available heat drop cf the state ho (with respect to stiaation

parameters), the flow rate through the moving cascade G2, the .areas of the cascades,

-and Fi, the flow- angies on the mi-diameter, ai and 2 (usually for subcritical

-flow,.ithe effective angles aJ' 4  and 02 ) the peripheral velocity on the mid-

di ameter ucP, and the specific volume at the moving cascade -exit, v2 .

;cesu.4 ~~C V4'0 ~I-

Fig. 95. Velocity triangles for the determi-
nation of the mean nrxaction of a stage acc6rd-
ing to, integral ch-'6cteritic .

The specific volume v is computed acbiding to the pressure behindb'the -stage,

and the :efficlqhcy, q" Using a simplified continuity equation, -ie find

w G2v2/,i2; -oi p2" w2 and up we construct an outlet 'velodity triangle (Fig. 95);,

we plot the quantity

c, cosa + C2 Cos as, - ooh,
U~cp

and construct the outlet velocity triangle. Then

____ ____ ____ ___(113)

where w,/c, and w/c 1 are taken from the velocity triangles. The velocity

coefficients In the first approximation are selected arbitrarily. After computing

p, Ihe efficiency Is found.
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If T0 in formula (114) noticeably differs from the measured 'oX efficiency,

other values of 9 and f should be given. Even a gross error in the velocity

coefficients, especially in 0, very insignificantly changes the reaction that was

calculate& in this manner.

The reaction -must be determined in this way when clearanc3 measurements, a check

Of these measurements, and especially the- calculation of the flow rate coefficients

for nozzle .cascades according to stage tests are not available.

If-the mean reaction of a stage gives the general characteristic of the stage's

perfoahce and is required for, its- averagpd, calculation, then f6r an Analysis of

the stage's performance an&its exact calculation it is very importaht to know

the magnitude P' the reaction 'in the root and peripheral sections. The change of

the peripheral ph and root reacti6n p. from u/c (in the absence of leakages)

is governed by the same law as the change of the mean reaction,, i.e., it will be

practically linear-. This is illustrated by the graph in Fig. 94 for a stage with

d/Z = 7.7 and 'F/F, = 1.44,;
It is interesting to note that in thc ,9ntire zone of change of u/rq from

0.25 to 0.45 the reaction at the periphery remained positive and the, reaction at

the root remained negative, attaining the value of p. = -0.28 when u/c =0.25.

There were no steam leakages in the root plearances in the experiments.

The pressure drop, i.e., Ap - pa pK' a ong the height depends very little

on u/c and e. If the stage is ,designed, with a, large reaction at the vertex

- - (with small F/Fi) an' increase of u/c leads-tp.a
J'A - -- _ 'small increase of gas leakage in the peripheral

r clearance; the difference of Ap will then drop

Wsomewhat. Figure 96 shows the, dependence of 6p for

-- stages I(-2-3A and IQ-I-3A, which have the same

2 s 0 0/€, d/12 = 7.7, but different area ratios, and consequently,

Fig. 96. Dependence of the different p. In the first stage p is greater;
difference in the reaction
along the blade height, therefore, Ap drops; and in the second stage, Ap

:: -P p3 , on, the

velocity ratio u/c t for
stage M-2-3A (F,/F i = I.I) The influence of the pressure ratio in the stage,

and KU4-3A (F2/F= 1.88) s = P2/po' on the reaction is connected with the
( e r tinfluence of the M number on the velocity and flow
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rate coefficients' and the 1fluenice of the specific volume ratio v2/v: "behind the

cascades. Figure 97 contains a graph that. illustrates

the influence of -E on p for different velocity ratios

0 U u/c . It is clear fromw the graph that the smaller E

- I .is, the greater the reaction, which definitely must be

-a? considered in turbine calculations. Foi a sufficiently

accurate calculation of the change of p = f(a), it is

v -"necessary to-know the aerodynamic character1itics of -the

stage, including the change of the flow rate coefficientsFig. 97. Dependence of'....

mean reaction on 'E of the cascades, the clearances in the stage, and so
accordinjg toMEI expbri-
merits' for the following forth.
stages-
KA--1442 46jI. J,- .3. - -For a rough estimate of the influehce of a on -the

-A-2-. 1, 2AN .flo.. reaction it is possible to use the following formula:0 -- -0 d "41% . 0.4 -  ". " "
0-@--: KA-2.3A.., li . , - -

ale* 0.3 -X- X -X.1 Ae (T7- , (115)

-wherel is the height of the nozzla cascade in m. The influence of I is evident

in the leakadges, w.hich decrease the gr6wth of. the readtion upon transition to-

largerheat drops. Figure 98 showg, a comparison of the experiments and calculation

4 - - - by formula (115), for 2. .5 and '48 mm.
"2 - The influence of Reynbids nijber on the

- - rea~tion is caused-by a change of the Velocity

-and- flow 'rate- coef ficlents 'of- the cascades of

0. .the stag&,. In many experiments with stages,

a change' of :the reaction at constant e and

u/c c and variable pressure was found, i.e.,

F Change of mean reaction at vai-l'.ble Re number. Usually the influenceousf sttage,l A P j i htde pen d irig -upon e for < 5 ,
oe deof Re is detected at Re < 5.i0 and low M

various blade heights Zi: calcu-

lated data accoding to formula numbers. Both ReeOB7 and the quantitative(ii5) -7- -- solid line for 1i 25 mam;MI(115 dold ine for = 25 mm; ex change of the reaction depend on -a number of

(l-- otted line 11= 4~8 mm; ex-
perimental data: points factors, including the separation of flow in

the cascades to a considerable extent. Experi-

ments show that the reaction increases as the Re number decreases. This Is explained

by the fact that the Re number for a moving cascade is usually less than that for a

nozzle Cascade, and separation of flow is also possibly faster in a moving cascade.

Thus, the flow rate coefficient of the moving cascade varies more than for the
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:nozzle cascade. The influence of the Re humber on the flow rate -characteristics is

examined in greater detail in § 20.

The influence of -Re number on the :eaction, p, may be seen from the graph in 0i

Fig-. 99 for a HA-2-3A stage at E.- 0.75 const. At velocity ratiou/ct = o.45,

_______jl a- decrease of -Reel from 4.5-105 to

2-5.1O5 (which corresponds to a change of

ai! 41, Rew from i.3-i0 5 to O.7.i05 ) leads to a

S - - er growth of the stage reaction from -O.Oi to

+ +0.05 At the same F, b 't.-other u/cD

-1 - - /and with the same decrease of the Re-

ooornumber, the-change of the reaction amounts

Fig. 99. Influence of Re number on to Is = 0.05 0.08%.
reaction o f i -3 tage 7d -. 7,
F 2 /F 1 =.5ag07e cn(d/I 2  7 20. FLOW RATE CHARACTERISTICS
ex 1.55), 0.75- cont (I OF A- STAGE

e e During the calculation of a turbine

that has Just been designed, or when

checking the 6alculation -of an eisting one, it is important to exactly determine

the-flow iate of the working mediumthrough a stage. An error in computing

the flow rate -of the working medium through a stage can lead to the incorrect

.j selection of stage dimensions and a redistribution of pressures along the

stages. For the first (regulating) stage, an incorrect calculation -6f the flow

rate c&n- even" affect the rated -power of a turbine.

As an example, we shall illustrate the case dealing-'.;ith the modernization of

the BP-25-1 turbine [88]. An error in the determination of the flow areas of the

nozzle cascades of unregulated stages led to the fact that the pressure in the

changer of the regulating stage, instead of the calculated value of 61.3 bar, was

equal to 56.1 bar. This caused an increase in the heat drop to a less economic

regulating stage and additional losses due to throttling. Analogous errors were

allowed during the designing of certain gas turbines.

In practice, scientific organizations and plants employ various flow rate

characteristics for stages. U4Z, NZL, and several TsKTI laboratories determine the

flow rate coefficient of a stage during stage tests

ECM -. G1 (116)
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i.e., the actual flow rate thfiouh a 'stage With respect to the theoretical flow

rate through 'the nozzle cascade, calculated according to the total heat drop of the

stage (c . =2h O + c2, v behind the moving cascade)'. Within the limits of the02
-accuracy of the assumptIon that p is equal to, the reaction averaged with respect

to the flow rate (see § 19) whdn p= 0, the flow rate coefficients of the stage

.and nozzle cascade coincide. -

The MEI processed the results of -experiments with an experimental turbine,

depending on q = f(x-q , c, and other physical and geometrical parameters). Here

gq is the ratio of the -actual flow ratei through the stage to the theoretical .critical

flow rate through the nozzle ce cade

G G,6Pq = a.(117)

(B is a coefficient that depends on the isentropic exponent k; for superh6ated,

steam, B = 0.661; for air, B = O. 74; foi, dry saturated steam, B = 0.63, Po[N/m2 ],

vo[m 3/kg], G k- ( sec], and F [m2].

'An advantage of the characteristic gq is its independence from the accuracy bf

measurement of pressure behind the stage. Very convenient for monitoring also is

the fact that, independently of the stage's reaction, q = I for a' critical flow

and qq =i is the flow rate coefficient -of the nozzle cascade. The quantities

I1cT and gq are recomputed' by the following formula:

CTq

where q = f(s).is determined by tables.

In a number of cases for aircraft gas turbines, and also at TsKTI, A. M.

Zavadovskiy selected C2a/U as the flow rate characteristic, which is given depending

upon u/cq (shown in Fig. 100). The' characteristic is of no use to us, especially

for impulse stages, since it first requires the determination of the dimensions of

the moving cascade, and then the nozzle cascade. As it is known, in impulse stages

the influence of the area of the moving cascade on the steam flow through a stage

(or at a given flow rate for pressure before a stage) is much less than the

influence of the area of the nozzle cascade. Actually, a change of the area F1

causes a change of the reaction. When s = p'/pO < s., a change of the reaction

does not affect the flow of steam through the stage; consequently, the change in

the flow rate of steam will be proportional to the change of the area F . For a

subcritlcal flow, due to a change of the reaction, the steam flow rate will change

somewha t less than under critical condliions.
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Fig. 100. Flow rate characteristic c2auC,

- f(u/c4 ) (TsKTI experiments),.

KEY: (a) clearances in mm; (b) single stage;
(c) stage operating ina set.

Thus, for instance, if in a stage with e = 0.,8 and p 0.05, the area F1 is

decreased by 3%, the reaction will decrease to 0.03. Consequently, s p

instead of 0.810, will decrease to U.'806. Then the flow rate of the working medium

will decrease not by 3%, but only by 2.4%.

If, however, 'the area F2 is decreased by 3%, the reaction will increase to

0.07, and the flow rate of' the working medium through the stage will decrease by a

total of 0.5%. The given figures show how important it is to exactly determine

the area of the nozzle cascade, in particular.

During tests in turbines the quantity C2a should be calculated according to the

flow rate of the working medium through the moving cascade, which requires a special

estimate or determination of the leakages in the clearances. This naturally lowers

the accurney of the calculation of c 2 a/U. We do not know of any experiments on the

influence of thq pressure ratioe on c2a/u, and also a number of other factors. Pro-

ceeding from this, it is impossible to say that the calculation of the dimensions of

a stage with respect to .2 ,/u is convenient.

Let us return to tha flow rate characteristic pq. The value of aq depends on:

a) the pressure ratio in the stage, s;

b) the reaction of the stage, p;

c) the flow rate coefficient of the particular nozzle cascade, PI". )
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For stages with large d/Z. ratios it is possible to elect a mean. reaction for

the calculation, and for small. d/Z it is necessary to consider the change of the

reaction andth& flowziate along'the height. In the last case, regardless of

whether the stage has cylindrical blading or is" twisted according to bme law, the

nozzle cascade should be divided into several sections along the ,height and the

total flow rate-G should be found, tiking into account the change of the flow area

of each section-and the reaction through the sections [see formula (fli)]. Ifithere

are data on the change of the flow rate coefficient of a cascade with respect to

height, various values of tLi should be considered.

If we consider that I= = const, then q
A

-I D' four values of the reaction Pp

For a critical flow, and also when p = 0 (with
£ - the, reliable determination of the reaction), the

a' - - -flow rate coefficient of the stage and the 'flow rate

coefficient of the nozzle cascade coincide. In this

way, also for p or iiq, knowing s and pi we can

- - - find p:,, i.e., -the-necessary quantity for the

S £ determination of the steam flow "rate of the dimensions
Fig. 101. Dependence of
relative steam flow q through of the cascade.
a stage on p2/po ad- the Investigations show a dependence of the flow
reaction p.

rate coefficient i on three basic quantities': the

cascade dimensiohs (mainly on,'li/b 1), thb "mean pressure ratio s. Pj/Po (or Mc),

and the Reyholds number Rec = bict/V1.

The influence of the cascade dimensions on ji. is discussed in §§ 9 and 21.

According to tests of stages with contemporary cascades, usually in the transition

from low velocities to critical ones, the flow rate coefficient P increases by

approximately 0.5 to 1.5%, which is connected with the improvement of the flow

around the cascades at large pressure gradients. Although in a supersonic flow the

losses in ordinary cascades are increased, the flow rate coefficient does not change

or it even increases somewhat [i]. The cause of this is the fac t that this

coefficient has practically no effect on the structure of the flow and the losses in

the slanting shear and behind the cascade, and in the convergent part of the channel

the conditional thickness of displacement of the boundary layer, which also

determines the value of p, decreases somewhat.
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-! I The influence of the Reynolds number was investigatdd at HEI in the process

of static, steam tests of an. actual diaphragm. The results of these tests are shownI

in Fig. 102 for -a welded diaphragi with a TC-2A

;; T-1 cascade,( 4 i8 nm, d 4 J00 mm). The experimuents J

Swere conducted at 0.75 to 0.8 = const. As should

I... _have been expected, outside of the self-simir :
j: ---- zone, a lowering of Re, which leads to an ,increase 3

in the thickness of the displace ent, decreases the

flow rate coefficient g,.

Inasmuch -asthe reaction of the stage depends

I L L Ion e:,, u/Ct AndRe,,Ahd i= f E,. Re), the
_-Z Jmagnitude of the relalive flow rate .hr6ugh the

Fig. ±0?. Influence of' stage, gq, comprises the following fufiction:
bicit

-±e cI = (e,"- Re).'c - on the flow

rate coefficient tI of the
nozzle cascade of an actual 'The smallei:i is, the greater--the, fl6w rate of

welded diaphragm and on'the
relative flow rate of steam gas .through the stage; however, if-s1l -Pl/PO in the:
through the stage gq.

nozzle cascade Is -below ciitical, &,further lowering

of e practically will not lead to a change of the flow rate.

An increase of u/ct simultaneously signifies a -giowth of the ieaction of the

stage, and consequntly, a -reductiOn of the flow-rate. Figure 103 illustrates the

dependence ;q- = -f(x -, ), for stage- H-1--1A. (t -= 25_.mm, -F2/F I = ,1.66). .iFigure

104 shows the influence of s on the flow rate through the stage. The curve of the

dependence of-the flow rate through the stage on e, = pi/po (at xP = const) and

the curve of the theoretical flow rate, q, multiplied by p, = 0.98 = const, are

plotted on this- graph. The difference in the flow of these curves is determined by

the reaction and the influence of s on p1

For a HA-2-3A stage (Zi = 48 mm, d. = oo mm), when-s 0.75 and x = 0.4,

Fig. 102 shows how gq changes depending on 'Rei . .The influence of the Re number on

the reactIon for the same stag6 is represented in Fig. 99.

he change of the flow rate coefficient of the stage, gCT' from x = u/c

and e depends on the change of the reaction. An example of such a graph of CT=

f f(u/c&) is shown in Fig. 105 for two LMZ stages with the ratio d/l:I = 14.7 and

9.5; it is constructed according to the results of tests in an LMZ experimental air

turbine with M. o.-7.
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Fig. !03. Dependence of Fig. 104. Change of Fig. 105. Flow rate coefficient
relative steam flow rate pq and pqt depending of a stage, C'depending upon
throuigh, a"stage on pq from upnaf= / u/c cb for a typical LMZ stage : "u./e q) and s (MEI- uonsor/ " i
experiments). = ,0 .4 , p, . 0.98 0 : a -FOI-F.Sv,. . -& ': - i ,"--,1. 

Frs U -0-0-0.
const (NEI experi-' ! "

:ments ). "

he tchange,of the flow rate through the stage depending upon e and uic may

,be analyzed by formula [83.] for constant intial parameters without taking lakages

into account

a "o- = .:L- : !/0v O.- 4 (118)

where a = * _ for superheated steam a 1.2, for air a 1.12. This forraula,

can be used only for a subcrltical, d.6w.

When the pressure ratio e is constant, i.e., when e =, and consequently,
.when h0 = ho, disregarding the change of the flow rate coefficient of the nozzle

cascade and considering h small influence of leakages,

a.

0,4 (19, l

Figure 106 shows the change of [iq for a 1W-2-1A
stage (1I  25 mm, d 534, mm) at s = 0.8 = const, on

FIg. J.06. Change of rel- the basis of experiments in an MEI experimental steam
ative stem flow rate,
p q, hirouldih " e R1j-2-1A turbine and by palculation with formula (119) (at
from .opoed n: according
to ME! XJ pr i 112lu * Cal-

tt;O da a Cord. g to 1) pa Cl - 6500 rpm). As can be seen from the graph, the

l'ori, L' ( I ) -v r olI coincldenie of the experimental and calculated data
('Wl'VC', O. pa' i',J Ilin ILal

da:l - .: on!. L:;r:LC tnory. Vt. should be noted, however, that
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for considerable steam leakages ard, in particular, for large heat drops, when these

leakages grow, formula (119) indicates a larger chae -of the flow rate than is

actually the case.

§ 21. INFLUENCE OF GEOMETRIc PARAMETERS ON THE CHARACTERISTICS OFA STAGE

In the designing Of a new turbine, afid also for reconstruction, assembly,

repaii, and bperation -it is necebsary to know the influence of th basic geometric
parameters of th stag& on the efficiency, reaction, and flow-ate coefficient.

The influence of cascades and their dimensions, such as T, ai " and

others, on losses was considered in Chapter I. This paragraph discusses the

ififluen66 of three basic geometric parameters on the performance of :a stage: blade

height 1, diameter d, and ratio of ,areas 'Fa I

An increase of the absolute blade height, the other parameters being constant;

including b = const and d = const, has a favorable effect on the economy of ,a stage

within wide limits. The end losses In the nozzle-and moving, cascades and certain

additional stage losses (losses due to steam leakage; losses connected with

overlaps, and due to inaccuracies,in manufactuie) decrease. With a constant

diameter d, an increase of Z simultaneously signifies a decrease of d/Z. As long

as d/1 is sufficiencly great (with cylindrical blading, to d/1 > 6 to 10), and the loss

due to flare are insignificant, a growth'of Z leads to an increase in stage

efficiency. However, with very large 1, when an increase in height practically

does not af'ect the end losses and other losses, a lowering of d/1 can be especially

unfavorable (-see -Chapters 4II and- IX)..

The phenomena connected with flai, and zespecially the additional losses due

to an off-design entrance angle in- the upper and root sections, of a moving cascade,

lower the ffectiveness of a stage. Although the diffeence of the reaction along

the height increases as d/1 decreases, the losses due to leakage decrease someefhat

,wlthconstafit diameter and clearances.

The influence of I on the efficiency of a stag& to a significant extent is

determined by the desin and the manufacturing technology of' the cascades and the

cascades themselves. As it is known (see §§ 5 and 6), it is possible to specially

create ca:;oades having decrcaseI end losses with low heights. In the first

appruxifl( ion for not very 16w heights, one may assume that the stage efficiency is

inversely propor~ional to i/Z.

1,(gora', 107 shows the Influence of the effect of blade height on efficiency for

various stgiges. As already noted above, inasmuch as this influence depends on a
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number of other geometric characteristics, we shall give a detailed description of

the stages that were investigated.

- -At BITM, during tests in an experimental

air turbine with laboratory manufacture of

• -- ---- cascades and nozzle chord ib 44.1 m,

the efficiency for various heights was

measured. Angle ix, = -1020' to i14j0; and,

M-- 0.3. Rec 2 to8.105 . The stage

Pimli diameter was 825 to 880 mm. The NZL data

aOZ 9' at' M [481 were taken from a series of graphs

: 4 )EI '/A"

L% | I for T, f @(j, X¢ ).The LMZ experiments

were conducted with g typical stage at

-af - - NbiL 
= 58.9 mm and diameter 420 to 450imm;

- - the stage efficiency .was recalculated for

I"zero" leakages. The MEI experiments were
Fig. 107. The effect of blade
height Il on the maximum efficiency conducted with actual welded diaphragms

-)f a stage: A - A - BITM exoeri- nmnufactufed o by KTZ for HA-2-2A stages with
ments; 0_ _ NZL data; LMZ
experiments; 0 - 0 - MEI experi- bi = 515,.am and diameter 400 m. The MEI

ments; <>-<a -fln-- MEI exderementse m T M
(mgdional Proflng), ....... experiment were conducted with diaphragms

of ,two types: with a cyllndrical-cdontour and meridional contraction around the

Periphery. Figure 1& also shows curves ,constructed with the firm's data. The
strict straight l'inc, ,upon- reaching -a-height of 10 -mm, indicates-that clculated

data were used here. It should be pointed out that a check of these stages in

vari6us 'expb ;mental-turbines, e~peciallywith low heights, did,-not confirm the

firm's vdlues of efficiency. From a consideration of the curves in Fig. 107 it is

clear that the MEI stages have the least height effect (especially with meridional

profiling). This is connected with the special selection of cascades having smaller

end losses, and also a somewhat larger angle a..

The various effects of height on the efficiency of a stage, depending upon the

technology and special profiling of the cascades when designing-a turbine, can lead

:ro a completely difforent machine desigra, i.e., they affect the selection of thn

stage diameter, the selection of admission, and even the selection of the initial

parameters and the speed for turbines of low and medium -power.

For instance, with a very large influence of I on efficiency, for turbines with

low volume passage Lt is necessary to design the stages with small diameters, select
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high speeds, increase the nu'mber of stage s, and sometimes reject high initial steam

-i parameters, thereby lowering the economy of the entire uni * ItIs known-that in

turbine-construction pidtice the minimum 'heights of nozzle ,caseades in turbines

Irom 4 thousand kilowatts and more until recently amount to 14145 k :hen, for in- 0 "

stance, in DZhII turbine with a power of 125 thousand kilowatts at the Filb stat Ion,,

: the nozzle blades of the first stage are 9.5 mm high. At the, same tike, turbiie

are encountered, wnc:.= first unregulated stages have partial ,steam input even at

considerable heights, Zi -§2-5 to 35 mm.

MEI projects for meridi6fiaJ .profiling of nozzle cascades ard a certain change

of the configuration of the moving cascade channels with low Z/b ratios iade it

possible t6 -e:,sentially increase the effectiVeness of the

I-cascades and-the stage efficiency. Figure 108 gives the

dependence of the-ga#i in efficiency, A i/%i, with

meridional profiling, for 'stages 1 -2 2A, at F/F 1 = 1.6 to

0
J9 is I,.W I.7, a 15 and d = 40 mm, depending upon the

Fig. 108. Dependence height of the nozzle .blades I.. The nozzle chord amounted
of the gain in effi-
ciency of a stage with to 51.5 rm. Experiments were conducted at s = 0.7 to
meridional profiling
on the height of the 0.85. As canbe seen from the graph, the gain from
nozzle blade Z1 meridional profiling for a height of I- 10 mm (Z1/bI

0.18)amounts to An01/oi = 5.2%. At large heat drops, especially under

super-,rltical operating conditions, the advantages of meridonal profiling are

exhibitedto-an-,even larger degree.

- - - " For meridional profiling of a nozzle

cascade it is important to correctlyselect

the contraction configuration. Figure 109

givis efficiency graphs, %i, for a KA-2-2A

stage at d 400 mm with various external

. _ meridional contours.

0,71 4 dge of bld As already noted eaz'ier, meridional

profiling not only increases the economy of

Fig. 109. Influent., of meridional a nozzle cascade, but also decreases the

proffling (contraction configura- pressure drop (the difference in reactions)
tion) on stage efficiency for var-
ous velocity ratios u/cq (MEl along the height of a sta A decrease of

experiments). Curves: 1, 2, and
3: 1 = 15 mm; 4 and 5: Z = 25 Ap = pn -p makes it possible to
ram; I and 4: cyindrical cascade
contour; e 0. -085; Re a essentially lower the reaction on the periphery

u 5.R05.
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and thereby lower the losses due to leakage of steam over the blade shroud, i.e., a

loss which is very great namely in stages with short blades.

Figure 110, for a U-2-2A stage with nozzle heights I! = 15 and 25 mm (d =

=,400 mm), shows the dependence of the reactlon -on the periphery ph , the foot

reaction p., and the difference in the

reactions Ap = p5  - on x .

42J Stage tests were conducted with nozzle

cascades having the usual cylindrical

contour with contraction.

- ( .@ /For a stage with a height of .25 Am
411 ~the difference in the reactions upon/
40 V transition to meridional profiling at

it x = 0.45 was lowered from 0.15 to

- "V5 0.095, and for = 15 mm, from 0.08,

A' - -. to 0.005, resp ectively. Cascades that

"42D Ya are specially profiled for low heights

- - tF~ itiake it possible to employ -very low

4O2RD-2-2A heights of up to 10 to 8 mm with

sufficiently high quality and high

,Ap-D-~2, _ "accuracy-of manufacture in turbine

4 44 constructions; in a number of cases this

Fig. 110. Dependencp of reactions on mAkes it possible to profitably reject

periphery p1 at t roct ' and the -
difference ap p~ - ) on the partial stea input. Based on MEI

yelocity ratio xc = u/cq for a recoinI:endations that were confirmed by

KQ-2-2A stage (without meridional pro- i o e mn t agT n
filing) and a A-2-2AM stage (with its owh experiments, the Kaluga Turbine

'Plant is sucessfully employing stages,

with low heights-. -

Blado height influences not only the economy of a.stage, but also the magnitude

of the optimum velocity ratio u/cq. This circumstance is connected mainly with

the large leakages in stages with low blade height. Approximate generalized data

on the influence of I on x are shown in Fig. 88.

Of the geometric parameters, only the cascade height practically influences

the flow rate coefficient. The experiments of G. A. Filippov, conducted at MEI

with stage of different height 1,/b,, are shown in Fig. Ill. The experiments were

set up in an MI experimental steam turbine with a It,-2-2A stage at C 0.8. Stageg
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were investigated with d 0 mman

- - -~-~ -51.5-Mm, with welded di&,hagms without

- o specil meridional profln (one experi-

- --- mental point refers to I = 41.5.mm).

t~l 1 / The decrease of the flow 'rate coefficieht

* in diaphragms with low, cascade height is

- -- - explained by the large boundary layer

effect on the bounding wa1!s. the experi- )
Fig. 'I1. Change of flow rate' 'oef- ments of M. F. Fedorov at 'KhPI with a
ficieit of nozzle 'cascade, g,, de-

pending--bn 1/b ratio under various weighing installation [i)14 give approxi-
conditions of tests conducted at MEI:
x - x .- static tests; experiments in mately the same quantitative picture of
turbi ne; 0O- 0O- at b =' 51.5 mam;t-- 0 0 at b = 455 mm. the effect of height on p."

The Lnfluence of'. diameter on the economy, of a st-age, at pirsent has hbt beer.

investigated sufficiently. Attemptds arb6 being made to create formulas that tonsidei

this influence. According to a firm's data,. the change of efficiency with a-

deviation ofi the 'dameter from- d = I m is calculated by the following formula:

AI 1 = o,075(1.o - d), (12o)

where d Is the stage diameter in m. This'formula is-applicable,- fok d = 0.6 to: 1.0 m,

G. A. Zal'f' and V. V. Zvyagintsev [48] propose an analogous: formula:

Ajq 0,051(1.-), (120a),

where d- is- -the. stage diameter in- m.

0ther-pai'aieters being coqistant, including I = const and b = const, the

influence of diameter on the bdonomy of a stag. 's exhibited through the flare, ie..,
through .the ratio of the diametdr to the blade height, d/1, and, due to

the double-curvature of the chaiael,, especially in the root portion of the cascade.

The ratio of stage diameters to blade height, d/1, is one o'f the most important

characteristics of a stage. In- comtemporary turbines, d/1 varies in very wide

limits from 100 to 2.4. The influence of d/z on stage performance is determined by

the change of cascade characteristics, the reaction, and the peripheral velocity along

the height.

For a stage with cylindrical blading, without taking leakages into account,

the reaction of the stage can be calculated by an approximate formula (331:

p + -a). (121)
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The change of the reaction, depending upon height, will be found by the

following, formula:

-:' ' = y,cos a'7, (122)

where-p5  is the reaction on the periphery and pi is the root reaction. t

Although formula (121) was derived for design conditions of stage performance,

as shown by experiment, it is valid in a sufficiently wide, range of variation of

u/c€).

If we assume in first approximation that the-angle a 1 does not change along

the height, then at (Tcp cos al)2 = 6.9 we will obtain:

-,;6!11d. (123)

Inasmuch as the mean reaction of the -stage is.usually selected in such a wayr

so that 0 under design conditions, the formula for the reaction at the

periphery will take on the following form (for design conditions)

3.6 (±124)

Formulas (123) and (124) are graphically represented in Fig. I12.

-- Al essential change of the reaction along the
- height unfavorably shows up in cylindrical blading,

t - I----:since when designing a stage for a mean cross sedtion,

sufficiently.-i'lrge zohes at the rbt and at the

- " ,,periphery are in offades2ign donditions, while

nonoptimum velocities (Mc and: Mw ) and ncnoptimum

j,*- ',angles of entrance to the mov.lng cascade I are

obtained. With cylindrical, biading, along the

a t0 20 30 40 cascade height there, is a change in the relative

Fig. J12. Change of reac- pitch i. The sections that are the farthest from
tion depending upon d/1.

the mean section - the root and the peripheral -

at low d/1 ratios can have nonoptimum values of relative -pitch, which lowers the

effectiveness of the cascades. A decrease of d/1, if the reaction of the stage is

correctly selected and there is a small positive reaction in the root section leads

to a growti of the reatlon on the periphery (see Fig. 112) and a corresponding

Increase of leakages through the peripheral clearances. The loss due to this

leakage, according to formula (91), is proportional to the following quantity (at

*const)
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and consequently, upon transition from d/1 = 30 to d/ = i0, it will increase by

1.7 times.

Ways of decreasing the negative influence of small d/1:

i. Twisting of profiles or, at least, twisting of .the rotor blades.

2. Application-of cascades that work stably in a wide range of variation of

relative pitch, M numbers,, and entrance angles for moving cascades.

3. Special methods of meridional profiling, which lower the pressure drop

along the height and increase the effectiveness of the root sections of the nozzle

cascade.

4. Correct selection of mean reaction of stage, which e.sures the smallest

sum of losses due to leakages in the root and peripheral clearances.

5. Good stage sealing.

6. Change of blade inclination.

The work done at plants and scientific organizations on the creation of -new,

aerodynamically improved, profile cascades made it' possible at present not only to

decrease the- losses, but also to essentially

increase the stability to changes in the

"- - -conditions of flow.. The-graph of Fig/ 113-

show the results of LMZ experiments for

moving cascades of the old and new types.

From a consideration of the graph it. is

- -/clear that profile losses not only

decreased from 7.5 to 3%, but for a new

lit -4 -so 0 ,* 10 l ISOA. cascade, in a wide range of dc'Lition of

in a the entrance angle, they are almostF i g . 1 .3 . P r o fi l e l o s s e s n p 
0) .

movIng cascade: old b) and new a) constant (with a change by 250).
type, depending upon change of
entrance angle 6fi (LMZ experiments). A formula that considers the losses

due to flare was proposed by G. Flyuge.x

[115] in the following form:

CA (~) ,.(125)

0. Flyugel' and, after him, I. Amboz and others [130), propose to take

coefficient A 0.5 to I. On the basis of MEI experiments conducted with stages
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having contemporary blading (in- particular, MEI blading), under subcriticdl

conditions, it is possible to take, A = 0.25.

V. Traupel [96], -in considering the change of efficiency- along the height for

a square parabola-with maximum efficiefidy in the middle section, arrives at the

same formula as- did Flyugel', but with the coefficient A-= 1/3; fori profiles of

-favorable shape, he proposes to decrease the losses due to flare by one third, i.e.,

he obtains the coefficient A = 0.22.

The influence of diameter, which is c6nnected with an ihcrease of end losses

in a nbzzle cascade due to do ble curvature, unfortunately, was not investigated;

therefor', its estimate can be only very rough.

Thus, for instance, for a complete estimate of the influence of diameter, it

is pfssible to assume the following estimate formula:
0.25, . K b,ld

where the coefficient K is taken from the results of experiments. '--

The third-basic geometric parameter that determines the economy of a stage is

ithe ratio of the discharge areas of the moving and nozzle cascades, FIFi. The

,effect of F/F I on -efficiency went almost -unnoticed until not too long ago.*

Actually, the ratio of areas FIFi renders an essential ihfluence on the

performance of a stage, also on its reliability and, in particular, :on the axial

stiess. For the given basic -dimensions, of a stage '(dj ZI ,- )-the ratio F-Fi

determines the reaction of the stage, ahddonsequently, the cascade losses, losses

-with the outlet velocity, and losses due to leakages.

The- influence of the ratio of areas F/Fi was investigated in experimental

turbines by a number of scientific organizations. These investigations were con-

ducted by two principally different methods. In air-driven turbines in particular,

at BITM and LMZ, the angle of incidence a of the nozzle cascade was varied; the

flow area P of the nozzle cascade and, consequently, F2/F was then varied.

Analogous tests can also be conducted with moving rotor blades or with a slight

-change or the pitch of the rotor blades. -

xA number of authors still disregard this important stage characteristic. Thus,
In certain special books devoted to the designing of steps of steam and gas turbines,
the ratio Fll' i is not considered as a determining stage parameter.

(9
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Fig. ii4. Influence of ratio- of areas F./F, on characteristics of typical stages
of steam turbines according to LZ eperiments. a) dependence of 0 and p& of
typical LMZ stagq on FVFi *for various heights 1i and ratiosd 2; curd/1: ---
' = 47.1 mm and d/12 =-9; 2- ?j,1= 29.4 mm, d/Z2 = 13.3, and 6/12 =,0.8%; V5)

dependence of Ion for variousvalues of on ratio of areas F,/F2; curves: I -
experiments with experimental air turbine; 2 - recalculation of curve 1 ,for "zero
leakages"; 3 - calculation according to results of static 'tests of an annular
nozzle cascade (for traverse in clearance) and a two-dimensional moving cascade.

- calculation according -to results of static tests of two-dimensional cascades.

Figure liia, represents an UMZ experimental graph of the influence of the ratio

of areas FJ/ I for -a typical LMZ stage at = 29.4 mm and I= 47.1 mm. The area

of the nozzle cascade was determined by the ange -of incidence (a = 33 t6

00Q40'). In this case naturally, the characteristics were varied, including the

losses in the nozzle cascade, the entrance angle, and consequently, the losses in

the moving cascade. The graph was constructed for- the conditions of u/c 5 = 4

and M, 0.45. For this stage, at = 29.4 mm, there is a-change of the mean

stage reaction. -It is absolutely obvious that such a method of investigating the

influence on efficiency cannot be exhaustive. It is of interest only in two cases.

First, if during design, for purposes of unification or reconstruction of a turbine,

It is necessary to apply nonoptimal design ratios of cascades. Secondly, or

checking the use of the results of static cascade tests during calculation and

de.ign iof a stage. The latter was accomplished by A. 0. Lopatitskiy and is

lllust.atcd for an LMZ stage with II = 29.4 mm in Fig. 114b. Here, under the same

experimental conditions, curve I represents the obtained experimental dependences of

efficiency with the use of the outlet velocity 710,; curve 2 shows the recalculation

ot' this efficlency for "zero leakages"; curve 3 gives the results of the calculation

of a stage according to data obtained from static tests of two-dimensional cascades.

For F./Pi - 1.5, efficiency was calculated according to the results of tests of an

annular cascade (with traverse of flow in clearance). If for this ratio, F2 /F,

the eff .lency calculated according to the results of investigations of straight
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cascades exceeds the experlmental value by 2.3%, then with the use of the data of

inifestigations ot-an annular cascade, the efficiency is 0.3% higher than -accrding

experiments in a turbine. This confirms the earlier point of view (see § II)'

concerning the validity of extending the results of static investigations of

annular cascades to the calculation of a stage (if losses in an annular moving

cascade are considered, the efficiency by calculation and experiment practically

coincides). 

For one stage (I =47.*i mm) the LMZ conducted a series of tests in- which the

angles of incidence of the nozzle cascade and the pitch in the moving cascade were

varied.

The degree of the reaction of the stage within the limits of each series of

e'perlments with a constant angle of nozzle incidence aY was varied by varying the

pitch of the rotor blades in the limits

in 'which it does not yet render a percepti-

W " i ble influence on losses (according to

UR I if static investigations of two-dimensional
-40 Vq 44V p

Sa) cascades). The area of the;moVing cascade,

1 ' ' F2 , was also varied. The results of

these tests are shown in Fig.115j where
the effici&ncy 6f the stage is given,

b) depending upon the' angle of nozzle

Fig. 15. Dependence of efficiency, iAe* , f s ypicl LZ stge =incidence, ay As can be seen from aofI

of a typical LNZ stage ~Z
47.1 mm, d/12 '= 9) on: a),-reaction consideration of the graph, a change of

at blade root for various pitch the ratio of areas for given ay practically

of moving cascade, t2 ; b) on angle did not influence efficiency, although the

of incidence of nozzles,, a . Curves:

30 2 -- reaction of the stage, including the root
Y = o 0 reaction p., varied. Figure 115a shows

3 a Y= 37058; 4 - y vi39 2i

A - t2 = 0.86; o - t = 0.757; that when ay = const, a change of the

- 0.663 ( LMZ .periments). root reaction p X by 6 to 8% did not

change the efficiency. However, the results

of the LMZ experiments still cannot lead to the conclusion that the ratio of areas,

including the reaction of the stage, does not affect economy. First, the change

of the reaction within the limits of each series of experiments was not so large as

to cause a noticeable redistribution of the heat drops through the cascades. Secondly,

thc investigations were conducted at low velocities; therefore, a change of the
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velocities M and Mw practically did not affect the cascade losses. Third, there

were no leakages in the root clearance, and those in the peripheral clearance were
II

insignificant; consequently, a change of the reaction in the given experiments did

not affect the losses due to parasitic leakages In the stage. Finally, Fig. li5b

gives the efficiency of a stage with the use of the outlet velocity 1102" A change

of the area -of the moving cascade, which causes a corresponding change of the outlet

Velocity, did not change the efficiency 0

It is interesting to note that a slight negative reaction of a. stage -in the ii
absence of leakages does not give -a perceptible lowering of-efficiency of the stage;

this coincides With the MEI experiments.

An investigation of the ratio of areas was conducted at MEI by another method.

Several cascade -combinati6ns were tested in an experimental turbine. The cascade

heights and chords, the diameter, and all
Pu -- t clearances were kept constant. The cascades

- M g used for these combinations possessed-approxi-

0 mately equal economy and each one had optimum
ILI l • s relative pitch and angles of incidence. Therefore

I'e0 the difference in effectiveness of stages was

vs mainly determined by the ratio of areas, F 2/F,

O which was changed for each combination. Thus,

1. . .0 2F, six combinations were investigated with1-I 25 mm and d = 534 mm and four Combinations
0 with ?I = 48 mm and d = 400 mm. The ratio of

areas in these experiments varied in the range

Fig. 116. Influence of ratio of 1.36 F2 /F i - 2.01. Stages with different
of areas F2/F, on characteris-

tics of stages, according to F2/F , as should have been expected, had various

M.I experiments. -reactions. Figure 16 shows the dependence of
0-0-0- A.;4 .;/i, -7.7: o-o-6-1dm 11, 1 .

mean reaction Pcp of a stage on the ratio of

areas at P = 0.7 and x - 0.45. In spite of the difference in d/Z and ai, and the

cascades Lmselvea, the functional dependence p = (FF").was single-valued

-ind lmost linear. Even before a consideration of the graphs of the dependence of

efficiency on 1, I1 .s clear from this curve, Pcp =  (F2/Fi), that very small

F,1 ratios lead to considerable reactions, and consequently also to large losses

due to leakage; conversely, very large F2/F. ratio can cause a profound negative

reaction which lowers efficiency with practically inevitable suction. For the given
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operatirg-ondigins,-,e-=0.7, xq = 0.M,-i xqlo, an analysis of the curve for

"Pp = f -F/ - can preliminarily predict i hd optimum ratios of areas, Fi = 1.5

to 1.8. The relative internal efficiency of stages without the ,use of the outlet

velocity, O!i dependiii upon F2 /F1, is shown in Fig. I16. Here the zone of optimum

ratios of areas was e pahded to F/Fi= 1.9. It should' be borne in mind that these

experiments were conducted ifi the absence of leakage in the root clearahce, when a

. slight'negative reaction did not affect

the economy of the stage. Actually, these

.I _.. I leakages always take place in a turbind;

S - . .. - therefore, the 0ptimum ratio of areas,

F2 F1  1.4" to. i., should be- recoiended,
depending upon the relative size of the

clearian6es through wrhich leakage is

possible. Figure 1:1 a gives the value -of

3e efficiency, r01, depending upon the mean

* reaction. This graph was reconstructed

tsa ,__ from the preceding one. Figure 117b, for

b), the same stages, gives the dependence of

Fig. 117. Dependence of the effi- efficiency on.kthe root reaction.. It is
ciency T)( of a stage"'on the reaction,,
wth e = 0. -and 'u/c = .5interesting to note that in the zone of

.(according to MEI -eiperiments):. 'a) the 'negative root reaction to P. - 0.i,
change of i01 frnm mean reactioh.Pc;

the efficlency of the stage is not loweredb) change o bc from oot reaction p

(in the absen e of 16 ages in root (there were no leakages in the root

cearance)' and, as compared to the positive

reaction at the rdot, it is even increas6d comewhat. Thus, as in the LNZ experiments,
a small negative reaction at the root does' not lead to a lowering of economy. It

is necessary, indeed, to stipulate that,. flrst of all, this pertains not to all

stages, and secondly, in the absence of subtion in the root clearance. The high

efficiency of the MEI stages with a negaw. 1ve reaction is not accidental. A

calculation of the stages according to static tests of annular cascades sufficiently

well confirmed the dependence qTl = f'(F 2/Fi) 
= f (p) which was obtained In

experiments with an experimental turbine. Indeed, with the same heat drop of the

stage, the drop in the nozzle cascade, whose velocity coefficient q is high,

increases, and decreases In the moving cascade. At the same time, a certain lowering

of the conditions of flow past the -moving cascade with a negative reaction, in
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connection with the insignificant influence of the Velocity coefficient on the

efficiency of an implpse stage, does not play a large role. - rthermore, a-decrease

in the reaction at the root for the given d/1 corresponded to a decrease in the

-Ireaction on the periphery and a reduction in steam leakage over the blade shroud.

For moderate values of u/co, while angle a2 is less than 90 , a lowering of the

reaction, caused by the growth of F2 /Fi, leads to a certain decrease in losses with

the outlet Velocity.

Experiments at KhPI [112], conducted with stages having the ratio d/1 = 19,

showed that a negative reaction did not lead to the appeirance of reverse leakages

or separation of flow at the blade root, but rendered an influence only on the

velocity coefficient in the moving cascade. The latter, depending upon the

geometric characteristics Qf the stage, was decreased by 2 to 5%.

1 The change of F,/Fi, and consequently, the reaction p, changes the optimumn

* velocity ratio. This is confirmed*)by experiments and calculations and is-considered

in a graph (see Fig. 88), where recommendations arel given for the selection of an

6ptimum velocity ratio, x

§ 22. THE INFLUENCE OF CERTAIN DESIGN CHANGES ON THE
CHARACTERISTICS- OF A STAGE

Besides the basic geometric parameters considered in the preceding paragraph,

'the performance of a stage is also influenced by other changes in the design and

dimensions of the stage• In the. flrst place, they include a change in the.,d~imenslons

-of the -cascades- -themselves (besides- the -height afid,diameter which-were -considered

earlier), the clearances, and the overlaps..

When dcsigning a stage, for purposes of unification and increasing the

,reliability, it may be-necessary to' change such geometric parameters of the -cascades

as relative pitch, trailing edge, and chord. By changing the relative pitch, the

behavior of the change of the ca6cade losses and- the velocity coefficients can be

determined according to the cascade characteristics. The flow rate coeftficient of

a cascade depends very little on relative pitch; The uhange of thie cascade losses

from the thickness of the trailing edge can bo found analogously. The thickness

of the trailing edges has a weak effect on the flow rate coefficient, since the

flow rate coefficient of a cascade depends on the flow inside the convergent part

of the channel, and not on the process behind the cascade or even in the slanting

shear. After the change of the cascade losses is determined with respect to the

cascade characteristics, it is necessary to estimate how this will affect the

eriLcien-y of the entire stage. (.9
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For,,a determination bf, the efficiency of a stage without using the outlet

velocity, we shall write the expression for efficiency in a known form [126):

or

orr COs. (127)

Replacing

(:28),

we obtain

If the velocity coefficient y varied by the quantity Atq, the efficiency of

the stage will vary correspondingly by the quantity

(Alp =2r.VT1' cos a, A4? (130)

analcgously with a change of che velocity coefficient -of the moring cascade

l--6 (131) 3

If the cascade chord is changed, the end losses, edge losses (with the same thickness

of the trailing edge), and also the profile losses are also changed. For a two-

dimensional cascade the influence of chord and the question of its optimum value-

is considered in § 10. It should be borne in mind that profile losses- (without

edge iosses')-wil-l not -vary only at Reynolds numbers exceeding Re... and for a

hydraulically smooth blade surface. Otherwise a decrease of chord-will lead to an

increase of prof ,'e losses.

The conclusions; in § 10 can be used quantitatively only for two-dimensional

cascades, and they can be applied qualitatively and approximately quantitatively to

stages only with large diameters. For stages wiran-small diameters, the cascade

losses to a considerable extent will be determined by the losses due to the double

curvature of the channel, ands the transfer of the results of static tests of two-

dimensional cascades can lead to incorrect conclusions for such a stage. Thusp

in experiments [66] with a typical LMZ stage for three dimensions of blade heights

and two values of chord of the nozzle cascade, results were obtained which contradict

the experiments with two-dimensional cascades and coincide with the experiments with

an annular cascade , These qualitative contradictions are explained, in the first

( __) place, by the small diameter of the stage: the root diameter is 4I00 mm for chords
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that correspond to d I m. A large coincidence with the results of static -ests of

two-dimensional cascades was obtained at BITM during tests of a series of stages

with a root diameter of 800 mm.

Four heights and four chords of a nozzle cascdde were investigated (maintaihing O i

absolute similarity), i.6., 16 variants; angle a,. , 11.50°; IM - 0.3; ReI =
= (2 to 8) x 10% and for small chords Re is lower than RdaTm. In spite of this,

in all experiments with heights of!~. --- ---- , .
! IP,. l,. : & , | -I ,25- and 40 amma decrease of Chord had a

I favorable -effect on efficiency. The

-- results of these experiments are shown

47 - in Fig. 118. Un' rtunately, there are

_ -! - - - still few- experiments in experimental

AV I I - turbines and with annular cascades for

7 . studyng the influence of chord.

Moreover, the experiments, at IMZ and
Pig.. 118. Effect of chord of nozzle
blades b, on econory of a..stajg&- cgord- BITM were not conducted withactual

ing to BIT4 expeiiimeiats with similar w
profiles aid chamels [at d x = 800 mm, welded'diaphragms, but with blades of

Mc i = 0.3, Rec I (2 to 8)i05]5 special,, mor6- careful manufacture,
where, ,naturally, 'the end losses are

1 lower than in turbine diaphragms. The MEit (351 tested a IM-2-1A stage with I

4,20 nm and d = 534 mmwith two diaphragms that differed only by the blade chord.

The -blade height did not vary; the remaining cascade dimensions vaiied' in proportion

-to -the- chord in- such -a.-way 'that the profiles and -the channels were similar. The

narrow diaphragm, which was 45-mm wide with a blade width of 30.6 mm, had 1/b, =

0.39; the wide diaphragm was 68-mm, 60 mm, and t/bl = 0.20, respectively.

Investigations of thesd stages in an experimental turbine with e = 0.6 and Re,=

= 6.105 showed that the maximum difference in efficiency reaches 2.5%; this

corresponds to a calculation on the basis of static tests of the investigated

diaphragtys.

The influence of the chord of nozzle cascades on the pressure variation behind

the diaphram was noted by A. V. Garkusha at KhPI. The complete equation of radial

equilibrium (see § 37) shows that with the decrease of chord, the influence of the

term ca =Z increases. Thus, a change of blade chord affects the reaction of a

1ostage and tsse leakage.
"From the KhPI experiments [112], the dependence of losses in an annular cascade



on chord was established for constant d and I (Z/b 1.22, 0.61, and 0.305 were

investigated), -Which is determined by the axial clearance between the nozzle and

rotor blades. For small values of these clearances, absolute -similarity of profiles,

and t = const, there is anooptimum value 6f blade chord.

Thus, for instance, when 6,.,A 0.05, the least cascade losses are

attained at i/b = 0.6. An increase of chord lowers 0 twice by 1.5% As 53.c/,

increase, the minimumof losses is displaced in the direction of smaller chords.

The application of -small- chords for nozzle cascades, the sorcalled narrow

blades, is usually required for increasing the rigidity of mounting the strips, for

example, as shown for a KhTGZ. turbine in Fig. 86a,,

*, I ;'/~ "./. , and an LMZ turbine in: Fig. 119., The experiments of

various organizations, including the LMZ experiments

.4 ~With a turbine, showed that these strips have little

"'effect on efficiency, under the condiJibn that they

do no~t block the flow, of course.Cross

-secetioAA Whn designing a stage, the designer can,, in

rather wide limits, vary the distance between the

trailing edges of the noizle casca d and the leading

Z edges of the moving cascade. This distance-- the

so-called complete axial clearance 6-- is composed

/ l of 6, - the closed clea snce of the nozzlej grid,- -6 -- the open clearance, -and 6 3.-

the closed clearance of the moving cascade (see

Fig. 119. Diagram of a Fig- 47). The open clearance is limited by the
stage with narrow nozzle
blades and stiffeners (LMZ accuracy of assembly and the thermal expansions under
experimental turbine).

nonsteady conditions. Its-minimum value depends on-a

number of design and performance factors. The smaller this clearance, is the less

the leakage of the blade shroud, and thdliigher the efficiency. The closed clearance

oV' the moving blades, b.p,9 can vary practically in a narrow range. It, Is

inconven, ,t to Incresse it constructively. At thi same Ltm, the closed axial.

clearance ot' the nozzle cascade can vary In a wide range, from minimum, which Is

determined by the technology of manufacture of the diaphragm, to practically any J

value,

Let us consider how a chinge of the complete clearance, by means of changing the

ciQsed axial clearance of the nozzle grid 63.c, will affect stapj performance.
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As 6 increases, the frictional losses on the end walls of the nozzle

cascade increase along the length of 6I. 1 M. Volfson~proposedra- formulatj
for determining these losses [12], which is well confirmed by experiments at LMZ

and KhPI

7- --A 6,. (132)

where R

,Re,-;,, A ii 6 .A

These losses may be calculated approximately by the following formula:

0.45.I0-6 6.,.9 (135) I
100-14  /,-sin4j"

It should be borne in;rniid that formul1a (132) was derived for two-dimensional

cascades.

As it is, known, at the exit cf a nozzle cciicade-the flow is nonuniform; for

aontemporary cascades, working under design conditions of flpw, this nonuniformity

depends mainly on the thick-

nes. of the, trailing edge

.. .. Ap, or to be more exact,

on A /t and on the distance

-- '. --- -- - behind the trailing edges, 6a .

The further behind the cascade
"  the measurement is conducted,

-e*4 ,~p ge 4 0 4 - 0 the larger the losses, since

Fig. 120. Change of field of static pressure,
P nd stagnation pressure, Poi = o/Po '  balancing ,nd mixing of flow

with respect to pitch-and height behind the requires additional energy.
nozzle cascade of a stage (2 = 80.5 mm, d/1 = 7)

with cylindrical blading and stamped nozzle blades: Furthermore, along the cascade

PcP  0 (U/C onT pitch there is some non- "

uniformity connected with the

various static pressure. This was noted by us earlier (see Fig. 84) and is confirmed

by many other experiments. For instance, Fig. 120, according to the experiments of,

I. I. Klrillov and R. M. Yablonik [5), gives graphs of the change of the field of

static and total pressure In the clearance between the nozzle and moving cascades in

various sections along the pitch. The field and angles of flow, a,, also vary along

the pitch. The larger the complete axial clearance is, the greater the mixing
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of flow and the greater the losses duc t6

mixing. Usually at a distance of 6 - 1.5t

- -- from the trailing edges of-the nozzles there

occurs 'a sufficiently complete balancing of

V .. the flow. Ch the other hand, the losses i:t

, s 'is , the moing cascade to a considerable extent

Fig. 121. Dependence of the effl- are detekmined,-by the entrance condi:cions.
ciency of a stage 1 Oi on the closed Nonuniformity of flow at the entrance to -th&

axial clearance of a nozzle cascade
63.0C (BITM.4ekperiments)" moving.-cascade and d6viation of ,angle from

the calculated Value increase the losses in v
th e moving cascade, and consequently, also ini the stage. An analytic calculati6n

of the change of efficiency of a stage, depending upon the complete clearance, is

difficult. As shfibwu by experiments ih -experimental- turbines at BITM, TsKTI,- LMZ,

and MEI, these losse. are of approximately one order; therefore-, it is natural to

expect the optimum value of the complete clearance. It is a~sumed-here that the

l6sses due to leakage do ifgt hange or at least their change is immaterial. 'Experi-

merits at BITM, where the 'influende of cloded clearances was investigated in 
detail, 4

,showed that there actually exists a value of such an optimum clearance. The results

of this investigation are shown in'Fig. 121 [5] for a stage with cylindrical blading

(Zi = 66mm, d = 549 mm, -x6 0.53, b8 n =- mm - const).

The- reaction in the stage changes along the height; the difference of the

reaction at the periphery and at the root depends mainly on d/l. With an increase

of the- closed clearance and, in general, the complete axial clearance (with constant

open clearance) the difference of the reaction, Ap - P n  - pX . increases: the

pressure at the periphery increases and. decreases at the root. This change of the

reaction at the ends of the blades occurs up to a definite value of the clearance.

The mean reaction of the stage pcP practically does not change in this instance.

Both statements expressed above are confirmed by numerous experiments, for instance.

the experiments of W. Hartmann [143] (see Fig. 122a) and BITM experiments (see

Fig. 122b). A certain increase of the difference of the reaction along the height

will have little cfrect on the conditions of entrance to the moving cascade; however,

the losses due to leakage can change. Therefore, the optimum value of the closed

clearance depends or, d/1, which determines Ap = pr - pX , and on the clearance

sealing. With a large ()/ and good sealing, the optimum value of the complete axial

clearance, other things being equal, will be higher than for a relatively large

(-
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magnitude of leakage. Furthermore, the

. , magnitude of the optimum clearance

I'. -.aa~o _7Tv (PAosT is influenced by the thicknessa

44 42 _of the trailing edge of the nozzle
! i blades (the greater Ap is, the greater

'(6a)onT) andthe shape of the moving

cascade. If the moving cascade is hot

very sensitive to a change of the entrance-

-' conditions, the closed clearance should

. , - :..! be small.

-: : :For want of reliable data on the

S W S is j I " influence of periodic instability on, the
I :,,,J. I !.I-L- flowf in moving cascades of various

12 Rb). shape, it is necessary to livnit ourselves

'Fig. 122. Reactionof a stage depending to a rough estimate of the optimum value
upon axial clearance: a) mean reaction

stage; when 6 > 3 mm, the leakage of the total closed axial clearance..

over the ,shroud is, limited by the con-
itant radial clearance 6'; b2 ='50,-mm, (0,05-O,iO~l1; 0(i31)

d/ = - 9.1, u/c = 0.55 -(experiiaents

at the Dresden Institute); b) reaction t the coefficient
on the periphery p11  and -at the root pertains to small d/1, and, the worst

. for a stage with cylindrical blad-
ing, i 66 mm, d/ i  8.3, U/c sealing; the large value refers to large

= .0.53 (BITM experiments). d/L and good Stage sealing.*

Inasmuch as independently of cascade height there occurs practically full

balancing of the flow at a distance of 6 (1.2 to 1.5)t from the trailing edges

of the nozzle cascade, the full axial clearance should not be larger than this

magnitude, independently of the calculation by formula (i34). An increase of the

full axial clearance is favorable from the point of view of vibrational reliability

of the rotor blades. However, cven here it is important only within the limits of

the quantity 6 < (I - 1.5)t.

The open axial clearances in a stage i.e., at the periphery 6an and at the

root 5aH and also the radial seal above the shroud of the rotor blade, 3p,

*The optimum value of the total axial clearance also depends on the conditions
or entranue to the moving cascade. Thus, acc6rding to LMZ experiments, it turned
out that at an off-design angle of entrance to the moving cascade the magnitude of
the optimum clearance noticeably decreases.

I-
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determine the losses due to parasitic leakages and also render a noticeable influence -

on the reaction of the stage. The method of calculating the losses due to leakages

(9 in these clearances was-discussed in § 12. The results of an experimental

investigation are considered here.

Leakage -or sAction in clearance changes the reaction of the entire stage, but

mostly the reaction in that pait of the stage where leakage -occurs. Leakage- decreases t

the reaction, while suction increases it. This' is

7 -- clearly illustrated by the graph in Fig. 123, where

- - - experiments on a traverse of flow in a clearance are

shown for a typical LMZ stage with Z= 7.1 mm,

'V--id/ 2= 9.0, and x Q.54. Curve 2 corresponds to

3 -an experiment in the absence of leakages. The
44-

rteactions along the height change linearly, and the

~.I AG
-- 2mean reaction p O.16. Carve 1, for suction AG

PCat - 2.42% in the root clearance , illustrates a meani

0 40 ;6 4 ' 4 reaction of p = 0.24; in the lower sections the

Fig. 23. Results of cp
traverse of flow in a -change of the reaction deviated from the linear law.
6learanbe of"an LMZ
stage; ZI = 17.i 'm, In the case of leakage AG/G 1.7% in the same :root

d/Z2 = 9.e0; u/c = 0.54 clearance (see curve 3), the mean reaction decreased
i (LMZ experiments-) : I -

suction in root clearance to p = 0.Q9, whereby in the lwer part of the blade,

AG/G= 2AP?%; 2-n no
leakages; 3- leakage in from the root section to a~heigh
root clearance AG/G - 1.7%. reaction remained constant and practicallyequal to

zero. This is explained by the fact that during leakage, independently of the sign,

the absolute value of the reaction decreases. Analogous results of measurement of

the reaction due to leakages were observed by all researchers.

It is important to note that when there is steam leakage in a clearance, just

as in the absence of this leakage, the reaction on the ends of the blades and the

mean reaction change linearly depending upon the velocity ratio u/c . This may

be seen from an illustration (Fig. 124), where for a KH-2-2A stage, 1 = 48 mm,

d/Z 2 := 7.7, and F.P,1 = 1.411, a graph for p = f(u/cd) ) and p,. = f(u/'cd ) at

= 0.7 is presen'tnd for four values of steam suction in a root clearance from
AG 0toA

0 to -L = 3%, The root reaction in this case increased to a larger degree

'han the peripheral reaction.

We shall consider the change of the reaction, analogous to (83], for steam

leakage.

2)
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1. Leakage over the shroud (the

- 1reaction at the periphery is positive).

The steam flow through the nozzle

2'I cascade is equal to the sum of the flow

rates through the, moving cascade and

the leakage over the. shroud

0~~~P"ll plow i /./ P i -,*,

or

Fig. i14.- Dependence of root p(and Fji W4

peripheral reaction p n on -u/ccp and, where
steam suction 'in root-clearance (MEI
experimnts'. _=_-.. =nd ,F*, F, -%1

Then, approximately,

F1 -'F (I T:-)I

whereIIF
Let us assume that the change of the reaction due to leakage is analogous to

the change -of the reaction -that is -caused, -by- -a- reduction- in the area of the nozzleI

cascade from Fi to F,. Then

(135)

where k is found from formula (76)

kQ (FIP,) -FIF)f = k (136)

k = 0.55 to 1.00, whereby the greater xj is,.the smaller k is.

2. Suction over the shroud (the reaction at the periphery is negative).

In this case the flow rate balance will be written in the following manner:

, 1 + a,.

If at the entrance to the mroving cascade we write a continuity equation for the

I. flow after mixing

V1 vat
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where

4 w~9CU G2. Ij*1UCa

Since

then

and in final form we will obtain:

Q - 2k/:/7(137)

3. Steam leakage in the root clearance:

tie, ei;- Q - k AG (137a)

4. Steam :suction in the root clearance

AG
AQ= e-Q=2.. (137b)

In formulas (136) and (137) it is necessary to place not the theoretical values

of the reaction, but the actual ones, taking into account the leakages. Thus,, a

calculation may be performed by the formulas, either by the method of successive

approximations or by using the graph in Fig. 68, where for the rase of leakage"

and for the case of-suction

- ,+-.

Graph 68 is constructed for k = 0.7.

Figure 125 shows the concluding graphs of the influence of leakages in the root

clearance on the mean reaction of a stage according to LMZ and MEI experiments.

Here, for these stages, the lines pcp f(AG/G) are drawn (constructed according to

the calculation formulas of this paragraph). The coincidence of the calculation

and the experiments Ir all cases Is not good. In our opinion, this is explained

mainly by the difficulties in the accurate measurement of the reaction of stages it,

experimental turbines. The accuracy of reaction measurement may be seen in §§ 16

and 19. The change of economy of a stage due to leakages in open clearances was

discussed in § 12. let us consider here the results of an experimental investigation.

Numerous experiments give the following qualitative picture: any increase of the
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peripheral clearances, which leads to an increase of steam -leakage, lowers the

economy of a stage. Thus, in all cases the efficiency of a stage decreases when

there is suction in the root clearance. Here the influence of suction to a i .

,considerable extent is determined by the root reaction of the-stage. In this

clearance, when there is very little leakage, the efficiency of the stage almost

does not change, and sometimes it even increases somewhat. These statements are-

connected with the favorable influence of suction of the boundary layer and the

best conditions -of entrance to the moving cascade in its lower part. A further

increase of leakage inevitably loweis the economy of the stage. The difference in

the change of efficiency during steam leakage in the peripheral and root clearances

is explained by the considerable losses in the root portion of- the annular nozzle

cascade.

- -Jpw eeP I 
1.

- A & i I Su tion

V , -. 9 .

Fig. 125. Influence of steam leakages on the
reaction of a stage: LMZ experiments with
u/c) O.54, 0- O- 0 ; MEI experiments with

u/c = 0.45, x - x - x; calculated data

(dotted line).

Figure 126a gives experimental graphs from LMZ which consider the influence

of leakages in the root clearance. The experimental points on the graph confirm

the statements made above. In a stage with a low height, especially in a stage

with a small diameter, in the lower part of the nozzle cascade the losses are so much

greater that the certain decrease in efficiency due to suction is insignificant for

the entire stage. With leakage up to 1-2% the efficiency practically does not

change. The effect of leakage on the economy of a stage is noticeably less than the

influence or suction. It should be noted that in all the LMZ experiments considered
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here the root reaction was positive.

Figure 126b illustrates" the influence of steam suction on the economy of a

RA-2-AZ stage: z4 148 mm, = 7.7, F2 /F i = j.44, and- 0.7. At x 0 3

to 0.47, when the root reaction Is positive, each percent of suction corresponds to

a percent of lowering of efficiency. At imaIler xi, with the appearance .of a

negative reacti.on at the root, the relative influence of suctibn increases.

9,

Suction (oit) N cs o =
a) A

I do 402 W0 4ft j/

S . 5 -0 . - - - 2 F i . LP 2.5, Aq4FC/
4k b)

Fig. 126. The economy of turbine stages depending upon: a) toleakages in the
root clearance of a typical LMZ stage (T-q3 )d- efficiency at AG/G =0, u/c
S0.54, d mm LMZ experiments); b) velocity ratio and reactioi with

suction in the root clearance of a Fr-2-2A stage (Zt F 48 mmd F = 7.7i
n = 0.7) according to ME experiments; c) suction and root reaction of stages
of MBI series: 0-O-0H-2-2A; Fa/FI =.44~; PH 0; HA -*--2-3A;

FWIt=1.55; PH = -0-.3; A - A - A XHA-1-2A; Fa/Fi 1.73, PH -0.20;

0 -o- I{J-1-3A. F, /f,, ±.88, p H -0. 23.

Tlhc influence of' suction through the root clearance, according to It-I experiments

for four stores L'hat difer by their ratio of areas, and consequently, also by the

root reac tion px is shown in Fig. 126c. For a 1(A-2.-2A stage with F,/~=j11

and 0 at 1 48 mm, d 400 mm, and given conditions (xq 0.145, e 0.7),J
the obtained dependence of efficiency on suction is approximately linear, whereby

% of suction also lowers the efficiency by 1%. In stages with a large negative

root reaction, with 1% suction the efficiency is lowered by 2-2.5%. TsKTI experiments( _)
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1[47] also confirm the large influence of suction with a negative reaction. The

averaged values of the quantities for calculating the, losses due to -suction in the

root clearance are given- in Fig. 7i.

iThe investigition of the influence of leakage through the peripheral clearance

is more complicated, since -the change in the amount .by 'this 'leakage, due to the

change of the flov rate coefficient in

4 d thii clearance, does not remain proportional

4- ,to the area of the clearance. There is

s a also a change in the total axial: clearance,

which affects economy. An-example- of the

AL - dependence of the ecoromy of a stage on

, ' ithe size of the peripheral open clearance,

according to BITM experiments, is the

graph in'Fig. 127a. It is important to

IUSL 4 note that, an increase of the open

a) peripheral clearance above the%-blades not

"ff "1 .'f' I " only lowers the effectiveness of the stage,

-ir J but also noticeably lowers the optimum

g[ , ,,ratio u/ccp. Thus, for the investigated

b)" stage (li = 35 mm, d = 567 m) with an

: increase of 6 (no radial seal for

,1 14 -bld shroud-) _f rom- 1 to--n .5 mm, the

44 ' l I - - maximum efficiency is lowered from 0.78 to

-, /0.685, and X T decreases from 0.48

-_to 0.1 to For-the same stage, the
44 L .installation of a radial seal (Fig. 127b)

-c) essentially increased the efficiency of

Fig. 127. Change of the efficiency of
a, stae (d = 567 mm, 1,= 35 mm) the stage, especially with large 6,,.

depending upon the leakage over the With this, x T also increased. The
rotor blades and the ratio u/ch
(BITM experiments) a) stAge without higher x is, the greater the reaction
radial sealing; b) curve; i ,- with- on the periphery, and the better the
out radial seals; 2 - with radial
seals; c) curve; I - with radial seals; sealing of t. stage.
2 - without radial seals.

The influence of the external overlap,

AZr, is determined mainly by two factors:

the leakage over the blade shroud and the change of the conditions of entrance tu

the moving cascade. It is obvious that the leakage will depend on the relative
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clearances in. .the stage and the sealing of the radial clearance. In general, an

hcrease of AZ leads toa decrease of the flow rate coefficient thr-ou.gh-:the

peripheral open axial clearance. However, with good stage sealing, this factor

is insignificant. In- a li.'iting case, when this leakage is negligible, it is

-inexpedient t increase the Value of At " On the other hand, an increase of the

external ove p 1eadi to an increase of the nonuniformity of flow at the entrance

to the moving cascade. Here, a large influence is rendered, by the size-Of the

closed axial clearance. The smaller the size of this clearance, the less should

the value of A- be.

The influence of overlap was theoretically investigated for the first time by.

.Y..-.. Zvyagintsev. The influence of AZ5 on stage efficiency was recently investi-

gated experimentally aiid theoretically at the BITM, MSI, TsKTI, NZLI TMZ, and KhPI.

As ,&-resuit of the expjeriments of A. G. Sheykmuan, which were conducted in an

experinental air turbine with an actual stage from a TkZ BP-6-3 turbine with

2 = 41.1 mm and d/l2 = 15,, a graph was constructed which characterizes the influence

of-At n  and

This graph is shown in Fig. 128. It should b6 borne in mind that the TMZ experiments

were conducted with a constant total axial clearance, which

Iwas relatively small. -An increaseof-this clearance

411 ,g increases the magnitude of the optimum overlap. In [39]

to~ is proposed a formula for selecting

3- the most advantageous value of At n

- - \ which Is obtained on the basis of TMZ

475 04 -and BITM experiments.

Z 4 S (MI)A 0 404 1400 11, ~ A. ,- -e i (138)
a) b) " aIN"

Fig. 128. The influence of overlap on
the efficiency of a stage: a) dependence
of the stage efficiency on the magnitude
of upper overlap Al. /1, and equivalent When designing a turbine, it is
clearance 5t Dimensions of the stage: not recommended to select l less

d = 615 mm, I = 41.1 mm, u/c = 0.5;
0 0.3; ]E b10 ' 5 (TMZ experiments); than 1.5 mm, since an inaccuracy in

b) (op(1efce of equivalent clearance manufacture can lead to a negative

F ori Al /i,. overlap, which essentially lowers the
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economy of the stage.

In distinction from the experiments when the overlap was chinged by means of-

changing the height of one cascade, interesting investigations were conducted at

KhPI [1.., In these eprmnsthe overlap was'chned by simultaneously turning C
the blades in such a way that the ratio -F./Fi, i.e., the calculated reaction of the

stage, remained constant. As comapared to- experiments at const, the- optimiti

overlap was smaller; this is- caused by the influence -of leakages through the

peripheral clearance, which depend both on Al,, and F,/A.-

§'23. BASIC CHARACTERISTICS OF CERTAIN SINGLE-WHEEL STAGES

Old-Type Stages,

Many turbines installed at-~electric power stations are equipped with 6ld-type.

zprofiles and; stages which,- at best, underwent purely empirical checks in exkperi-

according to--the investigations of many organizations (LMZ, TsKTI, MiEI), they have

- . large losses, ak' sensitive t6

- - changes of -the angle of leakage,

-" ' andicare especially pooi-4~t low

414 heights. Figure 129 presehts a~

- -,1 firm's curves (' ,,) -for the

N efficiency of old-type stages,

-T depending upon the velocity

i atio u/ce,- and thd height of

the nozzle cascade 11. The

-,ratios -of the dimnensions of the

4JS 4.?445 V cascades and the clearances

of these stages are given in

FIg. 129. Efficiency TI0jj (with the use of the

-outlet velocity of the preceding stage) for old- [±) hs uvsatcpt

typo stages (firm's data), a very high quality of stage

madnufacture and give values of cfficiency with the full use of the outlet veloc iJy

of the pro.-cding stage. The experiments of a number of organizations, esprc.laJly V

for low hvie:Lght:, did not. confirm values of efficiency that are -given in Fig. 129.

Actually, Wie officiency of these stages was consitderably lower.

The Lonin Factory In Lentngrad conducted a test on a series of old-typo stages,

the reaulUs of whic:h tire shown in Fig. 130. The tests were conducted by L. A. Dorfmnan
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under the following conditions: Re number

0,11from 3-1o5 to 8-15o, ) - c /a2 - 0.35 to

JI L. 0.5, blade height to i -36 to 43.5 mm
-= and, oly in certain cases, to i - 53 Mm.

IA. .P -The remaining curves were constructed by

+, Fr :.. extrapolation. The-stages had no radiail-go

.11 i4 . shroud sealing. The experiments were-con -

*. ducted in an air-driven experimental .

turbine. The bearing and disk frict in

4 losses were determined! by means- of r ;,-out

A.--- " 1 !" curves.

Stages of the V. I. Lenin
MNeva Factory

A a4 V
Fig. I30. Efficiency TIO for old-type, A series of stages with improved pro-

stages (according to NZL data). files was tested under the same ,conditions.

An efficieficy graph for this test is shown in Fig. 131. G. A. Zal'f and V. V.

Zvyagintsev [48] recommend for these stages -the angles al. 4  13°25' and 2 I) =

'220, ovel---t1.5-m and A -

SI j - 2.5 to 3 mm, and an axial clearance

Stages of the XXII Congress CPSU9-1 -- - Leningrad Metallurgical Plant1

0. , -The LMZ, and also certain other
-/XA 

/  
2 j plants, for unregulated high-pressure

- --. - ~ ' stages, employ a typical stage that was

. developed and studied in the LMZ

I "_.laboratory under the supervision of X

A. S. Zil'berman. The nozzle cascade

" - - - - . of this stage was designed and thoroughly

CO, investigated by I. M. Vol'fson (50].
Fig. 13. Efficiency qoi for stages with a

improved blade profiles (according to NZL The dimensions, configuration, and
data).

Here and subsequently in the entire book, the experimental graphs for the effi-

ciency of stages are presented. These graphs cannot be used for a comparison of the
economy of stages designed by different organizations. Such a comparison can be made
only as a result of tests of different stages with identical or similar -geometric
characteristics and an identical technology of manufacture. It is desirable that
these tests be conducted in the same experimental turbine. Unfortunately, there are
very few of these experiments with single-wheel stages.
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characteristics of this cascade are in the profile standards. The plant replaced
the old cascade, and only the end losses then decreased by 1.5 times. The exit

angle of tJhe cascade is ai = II°. As the profile of the moving cascade they have
adopted the TsCTI profile T-1.

The flow area of a typical LMZ stage is shown n Figs. 19 and 32. This stage

*was investigated in detail by Z. A. Lapteva and A. 0. Lopatitskiy in an experimental

air turbine [62]. Tests on a typical stage were also conducted

in other laboratories.

- -The cascades and 'the stage itself were investigated at large

pressure ratios e(Mci. Q 0.A35 to 0.515)i when the effect of f
compressibility is insignificant, and-at Reci > 5.8.105, i.e.,

f.. the self-similar region of investigation. Experiments were
"* conducted at 1i 16.9, 29.4, and 47.1 mm (six relative heights

""1:: Flow of nozzle cascades within the limits of 0.238 s Li/bl % 1.63),

Fig. 132. Flow three relative heights of moving cascades with d/Z2 = 21, 13.3,
area of typical
LMZ stage. and 9, and I/b 2 from 0.9 to 2.25. The overlaps in the stage

remained practically constant; Z2 -i = 2.9 to 3.1 mm; the

effective entrance angles at mid-diameter were changed by means of turning the

cascade and changing the pitch within the -following limits:

a - 8 56 *.  1558%; D. $ 17 45"'. 19 58,.

The ratio of areas is F2/F1 = 1.18 to 2.19.

Thus, there are stage characteristics with various dimensions which are

sufficient for application in a wide range of stages, high-pressure ones in

particular.

The graphs include the characteristics of the stage.
i. The efficiency of the stage qoM (Fig. 133a), depending upon u/c(D and Z,,

for F/ 1.7 and a, 1 to 120 with zero' leakages.

Cascade chords b. 58.9 mm, I 22.2 mm, and thickness of trailing edge of
nozzle blades A 0.3 - 0.33 mm.

2. The influence of the angle of incidence of the nozzle cascade, a, on the

angle a,. the efficiency of the stage qoM (Fig. 133b), and the reaction p (at

u/c4  = 0.54) 'Fig. 133c). In these experiments the efficiency was calculated

according to the static parameters in rront of the stage.

-232-



( __

! I I ! - -l _ I ? .

I i I II ! fl, - -i~ - -- -I

- I ' I I I <

Cf•'" .J3i i$. 'V4

- Fig. 133. Characteris'tics of a typical LMZ stage:
a) efriciency (ToI0)O.with zero leakages. Curves::

i.-- j =7 T. ; min - I = 29.4 ram; 3 -*l = 16.9 ram;
XXX - nozzle cascade from Fig. 119; 0 0 0O- nozzle
cascade from Fig. 132; b) dependence of angle -ai
and efficiency o on angle or Incidence of nozzle

blades ay with u/cq = 0.54; c) dependence of

reaction. of stage p on angle of incidence of Cnozzle.
blades ay with u/c., =O051p (X - x - x- 1= ±6.9
ramn; A - A- A- I= 29.4 mm; 0O-O0-O0- Zi = 47.1

The characteristics of the stage do not include graphs of the reaction. as a

function of x and t.. and the flow rate coefficient, which makes the calculation

of the stage dimensions and the additional losses difficult. If necessary, these

data can be replaced by app'.'opriate gr'aphs and formulas which refer to other stages.

Stages of the Moscow Power Engineering Institute

~The MNI stages were developed and investigated by the development of steam and

il gas turbines; they are employed by the majority of plants as regulating stages; many

plants and organizations use them as unregulated stages for various turbines.

• The investigations of stages were conducted engineer V. I. Abranov, F. V.

( ) Kazintsev, g. Ye. Kiselev, and G. A. Pilippov.
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For single-wheel stages that operate with subcritical and transonic velocities,

MEi recommends the use of 'uhe following cascades (and their modifications):

nozzle cascades TV-OA, TC-1A, and TC-2A;

moving cascades TP-IA, TP-2A, and TP-3A.

From the enumeiated cascades it is possible to-make up several combinations.

These combinations were tested in an experimental turbine cna can be recommended

depending upon the specific operating conditions of .the designed stage. The

cylindrical blading (with profiles of constant height) of MEI stage can be quite

effectively applied even at relatively low values of d/z, to d/Z = 10-8, and- in

some cases to d/z = 6-4.

Three shapes are- proposed for the flow area of the stage; they are shown in

Fig. i34.

1. Cylindrical flow area: the clearances and overlaps conform to Fig. 134a,

and the recommendations in Chapters II and IV.

NI-

a) b) c)
Fig. 134. Typical MEI stages: a) cylindrical flow area; b) flow area of stage with
meridional profiling -for first stage of section; c) flow area of intermediate stage
with merldional profiling.

2. Conical flow area. In this type of flow area it may be necessary to employ

!! blading with constant profiles in the low-pressure stages of turbines with low
steam rates (low-power condensing turbines, the low-pressure parts of selected

machines) and to reconstruct the old turbines.

3. If the cascade heights are low, the technology of manufacture permitting:

a) the first stage of a section (regulating stage, first unregulated stage,

i first stage after Intermediate steam reheating, and others) should have meridional

profiling of the nozzle cascade, as in Fig. i34b;

b) the intermediate stage should have meridional profiling, in accordance with

S134c.

For short blades, somewhat modified profiles for the moving cascades also are
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recommended; these are the so-called type "I" cascades, which have smaller end

losses.

For single-wheel stages with full steak input, the following combinations of

MEI cascades, shown in Table 8, are recomended.

Table 8. MEI Singie-Wheel Stages

-- Wa Nssi YbHviig Stag. da- Rtio ofls. A. 6 - 1

30O >20 TC-A- TP-2Ax K--2Ax 1.6-1.65,
r.,nuX TP-2Ac KA-2-2Au 1.4--
TOIAM TPo2Ag XIA+2AxK 1.--1.65
TCIA TP-2Ajc 'II-I-2A. 1.45-1.65
Tc-IA TP-2A Kl--2A 1.45-t.665
TC-A TP-2A KA-2-2Aux 1.4-71.5

0TC-A TP*2AK KA-2-2A 1.5-1.6
IC-A TP-3A KA-2-3A 1.6-1.7

20-O >10 TC-IA TP 2A KI.--A 1.62-1.75
TC-2A TP-2A K .2-2A 1.45-1.5
TC-2A TP-3A KA-2.3A 1 .1.65

W0-iO >8 TC-0A TP-2A KI-2-2A 1.4-1.56
(6) TC-A TP-A KA-2-3A 1.5-1.6

The cascades and their angles of incidence are selected according to the

recommendations in § 10.
The NEI stages presented in Table 8-were investigated in MEI experimental

steam turbines, and also during operation in air [23, 29, 35, and 103] with heights

of 10,"15, ?5, and 48 mm, and d/1 Z 8. The MEIl stages underwent an experimental

check in KTZ experimental steam turbines, including a multistage experimental

turbine. Furthermore, the MEI cascades, and also their proposals for -increasing

the economy of stages with short blades, were investigated in experimental turbines

at LKZ, LH, and NzL. All investigations of MEI stages were conducted with the

plant's technology of manufacture, sometimes even with the quality of manufacture

being worst than for the permanent machines. Tests of MEI stages were conducted

in a wide range of M numbers, and sometimes with M numbers > 1; in certain cases

also with different Re numbers (with a separate change of M and Re). Many cascades

of MEI stagcs underwent an experimental check in static rigs in annular packs, and

sometimes in actual diaphragms also.

With the exception of the tests conducted in the LKZ turbine, all MEI stages

had welded diaphragms.

Characteristics of MEI stages. Generalized characteristics should be used for

calculating the economy of MEI stages and for determinating their parameters, and also

for finding the influence of various performance and geometric parameters (see § 47).

Furthermore, a basic characteristic is given below for these stages, i.e., efficiency
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curves TOi (without the use of the outlet velocity) for (f-2- 2A stages, d.'pending

upon height 1. and the velocity ratio U/cp. The curves are construL=ed according

to the results of experiments in an experimental steam turbine with the following:

dimensions: cascade chords b. 51.5 i and b2 = 25.0 a; mid-diameter of stage a
400 um; overlaps AI + -At - 2.5 to 3.5 ; ratio of areas F/I - 1.6 to 1.7;

angles ax., = 15O, 32 ad = 20 to 21 , ;stage Sealing: no'leakage in root clearance,

open axial clearance on periphery of stage 6a 1 mm, and two radial clearances,

Ip5 m, above the shroud.

The efficiency curves are constructed for'H "-2-2A stages at S 0.8 to 0.85

and Rec (3.5 to 4)-105 (Fig. 135). Here the dotted lines indicate 'the curves

for a stage with meridional profiling.

[lilT Fr f For a determination of the stage dimensions,

4 it is possible to. use curves for -the flow- rate,

4W coefficient o. of the n6zzle-cascade, which are

obtai*led from stage tests (Fig. Ili-).

-'N' ~ Stages of the Polzumov Central Scientific
Institute for Boilers and Turbines

In the laboratory of turbine aerodynami.s

of TsKTI, A. M. Zavadovskliy developed and investi-

gated an impluse stage. The stage was made up

g of a nozzle cascade TH-2 and a moving cascade T-2.

./L.e The cascades and their characteristics are given

Fig. 135. The efficiency of in the profile standards. The basic dimensions
MEI stages XA-2-2A and HA-2-
2Am, depending, on the velocity, of the stage are Z. = 30 am, 12 - 34.5 am, d/1 =
ratio and- cascade height (MEI
experiments):-2-A solid lines 29, i1/bI = 0.59, t/b 2  1.7, A, Hp = 0.22 im.

dotted lines - }A-2-2AM stage The flow area of the stage is shown in Fig. 136.
with merldional bend according
to Fig. 134b. This stage was investigated in an experimental

air turbine without special sealing above the shrouding (open axial clearance on

periphery, 6 = 1.6 nm), without taking into account the influence of com-

pressibility of flow, and it is intended for Mc < 0.5. The results of the investi-

gations are given in the form of curves of relative blade efficiency jon at various

angles o incidence of nozzles ay and relative pitch T. Graphs are given for

determined values of u/c. Reconstruction of these graphs for the best conditions

gives the curve that ig represented in Fig. 137 (ay = 420, , = 0.76). The reaction

of the stage at u/ct = 0.5 amounts to p = 0.10. Under optimum conditions sin

a1 s =0.212. The given stage, just as the other stages investigated in experimental
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,air turbines, usually are manufactured more carefully in the laboratory than plant

stages and, in particular, than the stages investigated in the experimental steam

O turbines of KTZ, MEI, LMZ, and NZL. The flow rate characteristic of the stage, i.e.,

the ratio -of the axial -component of the -outlet velocity to the peripheral velocity,

c2 /up , depending upon -u/cl, was constructed by us in Fig. 137. (The difficul-

ties involved in the practical use of this characteristic for calculating the area

'of a stage az discussed on page 132)- - -

- /JIJ
F_._36 lw rao I I

5--

TsKTI impulse stage,*Fg 3. lwae o -,, I
Fig.137.Characteristic

N. M. Markov presented data from TsKTI curve of a TsKTI stagewith arius heights

tests -performed. on a stage with the same i= 30 m1 and ti = 46 mm
(according -to experiments

cascades, 11-2 and ,T-2, with d = 580 m, Zi of A. M. Zavadovskiy).

= 46mrm, 1i/b = 0.75, Z2 = 5 mm  5a = 1.6 am,
and Re1 = 7.6" 05 [70].

Another series of TsKTI stages has an C-I nozzle cascade developed by the

Krylov TsNII and two versions of TsKTI moving cascades, T-1 and T-2. The
characteristics of the cascades and their profiles are given in the profile standards.

A stage was tested in an experimental air turbine developed at TsKTI by N. . Marker.

The flow area of this stage is shown in Fig. 138. The geometric characteristics

of the experimental stage: i = 20 exp erime = 0.37,
46 mm , A i- = 0.76, ay = 390, 6a = 12°55, =

an d = m, = 1.15, t2 = 0.675, and d/ 2 = 26.1. The

An e seris of experiments were 1 conducted at = 0.65 to 0.75, and
Re =7.4 to 80 Four versions of the stage were

' . investigated :
Fig. 138. Flow area of 1 - cascade T-, angle gv = 77 30 ; 2 - cascade T-I,
TsKTI stage with radialsealing. ( = 77033'; 3- cascade T-, angle y = 80030'; -

( ) cascade T-ii, y 780145 (Vor curves 1, 2, 3, and 1, see the graphs in Fig. 139).
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The usual .harkcteristiis

are given Ikor tiseies -of

- j" stages.: relative, blade- effL-.

I o~t~o, ,> I : :
L- _7ciency~ -T) X u/c~ in

tax 8 HFig. 13ga,. 'eaction p = If(u/c

in Fig. 139tb, and flow rate

I coefficient of staige u

t.D.S* Q ~ 'b) f(u/c Y in Fig. 1396.
By €omiparing -the results

-f -rteexperiments, with the

.V arious combViatic .is In Fig.

4 4 > 4 -WI39, we see that the optimum
c) " On- "" 4M Q b 0.54. The

Fig. 139. Characteristic curves of a series of highest efficiency-is given by
stages (see Fig. 138): a) efficiency; b)-maan
reaction; c) flow-rate coefficient. -stage I and 2. However, these

stages (especially stage 1)

have a very large reaction which, with an increase of the sealing clearances, will

lead to considerable losses due to :steam leakages. Stage 4, conversely, when

x < 0.5, will have a negative root reaction which, as we know (see § 22), has

an unfavorable effect on -economy, and will cause additional losses in an actual

stage. From ihese positions, t he best one seems to be the stage of curve 3; however,

in the investigated conditions, it has an efficiency that is 0.5% lower.

The flow rate coefficient of a stage was defined as the ratio of the actual

flow rate -to the flow rate calculated -according to-the -area of the nozzle- cascade

and-the entire drop of the stage. The coefficient CT depends mainly on the

reaction of stage and at p = 0 it should coincide with the flow rate coefficient

of the nozzle cascade, pi, (especially at very low M numbers)., In these experiments

they-obtained gi - 0.89, which is extremely small and does not correspond to the

experiments conducted by other organizations (MEI, NZL, and LMZ), and also the

results of static investigations.

§ 24. STAGES CALCULATED FOR LOW VELOCITY RATIOS u/ct

An Important practical problem is the transfer of groups of stages of certain

machines to operation with low velocity ratios, xq - u/c. It is well known

that in th s way, by retaining the pomer and the speed, it is possible to considerably

lower the weight and dimensions of a turbine, since the number of steps in the flow
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area and their dimensions are then decreased.

'With the help of a -formula that determines the available :heat drop in a turbine,

o,, 11+ v)h +) (139)

where v is the reheat factor, it is easy to establish that,, with the preservation

of the peripheral velocities, thd number of stages in the flow area varies in

inverse proportion-to- i.e., :

It follows from this,. for instance, that- with a transition from x-4 0.5: to

0.34-0.35, the number of stages decreases by 2 times.

By keeping the peripheral velocity constant, the diameters of stages also do

not change. This means that front and rear .parts of a: machine in two comparable

cases have -identical dimensions and weight characteristics. A decrease of the

dimensions and weight of a machine occurs only after reducing-the, number of stages.

Let us consider another extreme case, assuming that the number of stages, upon

transition to small u/c, remains constant. Then from formula (139) we obtain:

-n- !--- or

i.e., the diameters of the stages decrease in proportion to the x ratio. In

accordance with this, the -diameters and the thickness of the diaphragms and the

machine casing decrease, and the dimensions and weight of the inlet and outlet parts

of the machine are reduced.

An intermediate solution of the problem is also possible, when the peripheral

velocities and the number of stages of the flow area are changed. From formula

(139) there can be obtained a simple relationship:

, uds XSI

Comparison of the considered variants is performed on the basis of formulas

that express the stress in the diaphragms, disks, blades, and turbine casing. If

we assume that the stresses in the indicated elements remain constant, then the

corresponding formulas make it possible to establish a decrease in the weight and

dimensions of the turbine upon transition to lowered u/cq ratios.

Calculations show that the transition to smaller diameters, while retaining

the former stresses in the components, lowers the weight of the diaphragms in

proportion to xV, while the weight of the casing and the weight of the disks is -x.
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It is obvious that a transition to small x is expedient only in the case whenthe economy of installation is kept practically on the level which corresponds to

optimum values of xffi. In solving the aerodynamic-part of the problem, it is

necessary to consider wayi of increasing the effectiveness of the regulating, inter-

mediate, .and last stages upon transition to small x ratios.

We shall first mention the methods of pro-

2,i) " filing intermediate stages. The transition to

small x leads to a decrease of the entrance angle

of flow a0 into the nozzle cascades of interk.diate

L~b~4 1stages, which causes an increase of both profile
S- hI ~losses, and also end losses in the nozzle cascades.

Corresponding data on the influence cf aO are

* -~ 7 given in Chapter I. Figure 140a represents the -

,,- ,dependence of profile losses in a TC-IA cascade

on the entrance angle aO. With a change of angle

!' a0O from 90 to 45° , the profile losses increase
ip s- to Its .# Z.5 Ls from 2 to 5.5%.

b)'

Fog. 140. Characterstics of The end losses vary depending upon the~nozzle cascade s: a) prgf ile'..
losses in nozzle cascades for entrance angle to a larger degree arid especially
optimum TC-iA) Iand lowered
.(TC-U-I) xb ratios; b) at low relative heights. With the decrease of a0total losset in nozzle cas-
cades: solid lifie TC-A; for usual profiles, not only agrowth of total
-dotted line TC-iA-I.
i) TC-iA; 2)'TC-IA-1. losses is noted, but also an increase of the angle

of incfilination of the straight lines in the

coordinates C and b/1 (see Fig. 140b).

It should be emphasized that with the transfer to smaller stages diameters, the

blade heights increase; therefore, the actual growth of the end losses, and

consequently, also the ,total losses for small x, will be less considerable.

At the same time, the given experimental data distinctly show the necessity for

special profiling of nozzle cascades for special profiling of nozzle cascades for

small entrance angles of flow.

The MEI laboratory developed a group of nozzle cascade profiles for small

angles a0* The corresponding results of tests are shown in Fig. 140, where the

'-profile and total losses are given depending upon the entrance angle of flow a 0
, and for a cascade of TC-IA-I profiles.

The advantages of new profiles are especially noticeable for low relative

heig hts (b/1> i.0).
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Experimental turbine Investigations of

-cascades with profiles of this type showed that

__7 they had considerable advantages for operation in

&--- a group of stages with small xj. Figure 141

- illustrates the efficiency curves for a group of

three stages;. the curves were obtained in the

laboratory of the Kaluga Turbine Plant.

SM A 0 a , From a consideration of the graph, it is
Fig. 141. Relative internal dt
efficiency, of stages, depend- distinctlY clear that the application of new

ing-upon4px with d = nozzle cascades-made it possible to raise the
860 mm,c = 23 mm). efficiency by 3 to 7% in a range of xj = 0.3 to

Curves: I -- one average
stage; 2 --group of three 0.4. The curves in Fig. 141 also show that for
stages with TC-IA nozzle
cascades; 3 .- group of three small xq the. effectiveness of a group of stage
htages with TC-IA- nozzle
cascades (experiments of with the usual nozzle cascades 'is loweredmore
Kaluga Turbine Plant);

intensely than that of one stage, and when

_ 3-xq) Z 0.37 the efficiency of a single stage- is higher.

This -indicates that nozzle cascades with the usual leading edge of the profile,

with a geometric angle of -90° , operate at low heights- with a sharp- growth in

losses when a0 < 900. Consequently, in this case the use of the kinetic energy of

the preceding stage noticeably decreases.

For stages that operate at small x it is necessary also to apply special

profiles for the moving cascades, considering that in the conditions of

x loT a usual stage works with a negative reaction and angle i. <2"

Consequently, in these conditions it is necessary to lower the losses in the moving

cascade as much as possible; this is attained by decreasing the ratio Fa/FI, by

applying special profiles and, to a lesser degree, by meridional profiling of the

moving cascades.

In the first case it is necessary to construct a cascade with diffuser channels

or channels of constant cross section, depending upon the selected relationship of
angles 1 and 02 It should be noted here that for small xd it is expedient to

use increased angles a1 and P2' If this does not lead to a sharp decrease in

height, and correspondingly, to a lowering of efficiency, greater than the gain

obtained as a result of the transition to more rational velocity triangles.

Let us note that the application of expansion for moving cascades (tapered

shrouds), which is shown in Fig. 142a, leads to a considerable growth in losses.
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Wih h incr:ease of::e fluid

- the influence of the taper of

,. '~t-p - -!.th shrouds weakens !Fig-.
i42b).

I . An essential indrease in

11 N-~'' 9 If ~ iS flthe effectiveness of regulating
a) b)

Fig. 1~42. The influence of the-taper of shrouds on stages- and last stages _tI.losses in a moving cascade: a) influence of the
taper "of shrouds on-the distribution of losses small x4) may be attained
alonig-the height of a TP-1lAK cascade:- - - bintlngdfues.

- 0 21.8 n b), totalf
losses in cascades with variou~s fluid deflections: Diffusers behind- a stage can'be

- for TP-Oft; - TP-lAx at m42 0 .6 to 0.7; of two types: the vaned type,

Re 3R2- 0. in the form of compressor cas-.

cades, and the vaneless type-.

A diagram of the flow area of a single-wheel regulating HAJ-1-2f stage- with a

vaned diffuser is shown in Fig. 143,.

~JiE~iAFig. 1413. Characteristics
'ii~ia~F6t a single-wheel regulating

'0' stage with'a diffuser:
a) -flow area of I{JJ-1-2A

I I 'ofregulating stage; b) depen-
dence of, relative internal
efficiency of single-wheel

0.75~ i various admission. Curves:
I - without diffuser at
full input (e = i); 2 -

- ~ 1 -. L.. with vaned diffuser (a~

a) 500). 3 - with vaned

diffuser fa -10);4-

'2 P

US for vaneless diffuser (e
1 ); 11 - vaneless diffuser

(e 0.5); 2 - with vaned

diffuser; a 50 0 ; 3-

9_jT T with vaned diffuser (a 2p
400); 41' - without diffuser

assLL (d0 OP=400 mm; 1.~ = ?9- mm,

~~Fht VP--i--- Sif =1.149, Rec 5.14.10 5)
af (MEI experiments).

b) dotted curve without taking
into account the losses with(
the outlet velocity.

-24l2-



An importbait geometric parameter of the vaned diffuser is the ratio of the

outlet and inlet flow areas (F/F 2 ). The inlet area is determined by the exit angle

of flow from the moving cascade during absoulte motion, a2; the geometric entrance

angie of the- profile, a. P should be close to a2 . The height of the diffuser at

the entrance should exceed the exit height of the moving cascade of the stage by 2

to 3 mm; the entrance to the diffuser should be rounded in this case. By turning
p|

the profiles in the diffuser, it is possible to adapt. the diffuser to other angles

a2 . The necessary area of the outlet section may be ensured not only by expanding

the vane channels, but also by increasing the height of the diffuse7.

The vaneless diffuser is formed- by two tapered shrouds which increase the

cross-sectional areas by increasing the diameter and-beight of the channel.

The results of an investigation of the influence of diffusers (vaned and

vaneless) on the effectiveness of a single-wheel with full and partial input are

shown in-Fig. 143b).

As. can be seen from the curves, diffusers give a noticeable increase in

efficiency in a wide range of conditions both-with full, and also with partial input.

The ,vaneless diffuser leads to an increase in efficiency.under -all conditions

and especially at optimum x and values close to it. In- the zone of small x,

the increase in the efficiency of a stage with avaneless diffuser is insignificant.

Consequently, the vaneless diffuser does not make it possible to noticeably lower

x while preserving the effectiveness of the stage and its use is recommended in

those cases when-the-designed--partial stage-must operate in-a wide range of conditions.

Vaned diffusers, which are made up of compressor vanes, lead to an essential

increase in efficiency at small xb for full partial input. In conditions of xj A

0.4, the efficiency of a stage with a vaned diffuser sharply drops; under these

conditions the compressor cascade is streamlined with negative angles of attack,

which leads to separation of flow. In this case the diffuser is an additional large

resistance.

by changing the angle of incidence of the vanes, the maximum efficiency can

be displaced with respect to x, (see Fig. i43b) in one direction or another. The

same result can be obtained by the appropriate profiling of the diffuser vanes.

Figure 143b illustrates curves for efficiency without taking into account the

losses with the outlet velocity (dotted line). A comparison of it with the .urves

of efficiency 1q for a vaned diffuser (a2p = 500) shows that with this diffuser,

at the points of maximum efficiency (curve 2; x = 0.4), more than 50% of the

) losses with the outlet velocity Is restored in the diffuser. By changing the
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entrance angle of the profile, a and increasing the divergence of the channels,

it is possible to displace the effieiency curve- to the left without essentially

lowering the efficiency at the point of maximum. Q

By deforming the profile of the vaned diffuser somewhatj it is not difficult to

-obtain an- efficiency maximum at x = 0.3- to 0.35. -

The curves in Fig. 143b distinctly show that the effectiveness of a vaned

diffuser is especially great when the input is partial, whereby the efficiency

maxima for all versions are essentially close.

The relative increase of the internal of a stage with a diffuser, depending

upon x is shown in Fig. 144. Unen a = 40, the biggest increase in efficiency

is obtained, and with partial input

2i (e = 0.5) when x z 0.3, it reaches

6 to 7%. For d2p = 500, the maximum

A i is reached at x f 0.4 and

amounts to 3.8% (when x(, = 0.38).

0 The vaneless; diffuser shows an increase-

in efficiency of -2% with full inputs,

-651 whereby AT0 > 0 in the entire range

of the velocity ratio.

Let us consider the methods of

Fig. 144. Increase of the efficiency of estimating the increase in the effi-
a stage, created by diffusers, with full
and partial inputs, depending upon x ; ciency of a stage with the use of

solid- curve for Vaned diffuser with

angle of vane incidence a = 500 diffusers. The most simple method of
2p 

A

. .. the same for a2  =4P0: - performing this estimate is in case
P -

dotted line indicates vaneless diffuser. when the diffuser, which is mounted

behind the 'stage, decreases the available heat drop in it.

In this case the pressure behind the stage increases from the value of p. to

p3, and the heat drop decreases from h 0 to h0'(Fig. 14!5a).

The stagnation process in a diffuser is depicted in an i-s diagram in section

2-3. At the exit from the diffuser the velocity will be c and point 0 gives the

state of the isentropically stagnated flow behind the diffuse'. The actual

process of stagnation may be assumed as isobaric (section 3-4 on isobar The

available kinetic energy before the diffuser is equal to c12, where c2 is the

absolute outlet velocity from the moving cascade. Line 2-4' depicts the process

of isobaric annihilation of th,. kinetic energy behind a stage without a diffuser.

It is obvious that in the considered case the points 02, 4t, and 4' lie on one line, I
-. 2 1-



= const, and the heat crop-h used in the stage remains constant.

Tj 1  .
tc i

Fig. I5. I-s diagram of the thermal: process of ,a
stage with a diffuser: a) increase of pressure
behind stage, caused by diffuser; b) lowering of
pressure behind stage. ,

The efficiency of a stage without a diffuser will be: F

A It

and with the installation of a diffuser

By comparing these expressions, we obtain:

'WIN--- 4.1(140)

Here h Is the work of compression in the diffuser for an isentropic flow

(without losses), which is determined by segment 2-3' in Fig. 145a.

The quantity hoA is determined by the following formula:

22 'I
Hero Al are the losses of kinetic energy in the diffuser (see Fig. 145a).

Lot uu introduce the efficiency of the diffuser, and determine this quantity als

the following ratio

4 4

Tr -r -

CC
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or

= - , where = 2  is the loss coefficient in the diffuser. Consequently:
CA cX2

The relative work of compression for an isentropic flow is determined:

whee i (1lJ2)
2

where is the loss coefficient with the outlet velocity (losses refer to2h'

a ni w heat drop on the stage).

Substituting h in formula (i40), we finally find: !

The velocity ratio here, by means of a continuity equation, may oe replaced

by the cross-sectional ratio of the diffuser.

A+ .14i en pressure- behind the stage, P2, and a fixed heat drop, hO, the

installation of a diffuser lowers the pressure behind the moving cascade. The

heat process that corresponds to this case is shown -In Fig. 145b. In this case the

pressure behind the moving cascade without a diffuser is accepted- as equal to P2

and with the installation of a diffuser the same pressure is established in the

chamber of the stage.

Without a diffuser, the process in the stage proceeds along the line 0-2-5,

* whereby the losses with the outlet velocity are measured by the segment 2-5, which
,2

is equal to c /2 (c2 is the absolute outlet velocity from a stage during operation

without a diffuser). In the presence of a diffuser, the expansion in the stage

corresponds to the line 0-2-2'-3-4. The kinetic energy at the moving cascade exit

will be c/2, and cV2 behind the diffuser. Point 4 determines the stage of the

gas behind the stage. As a result, the used heat drops will be various (hi and hip),

and the efficiency In the presence of a diffuser may be expressed by the following

formula:

h a (144)

since

L o= ~and i '
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The values of hi and hi are determined by tue following formulas (see Fig.

145b):

J '*"a- T w =k.-

After substituting hi and hiA in formula (i4l), and making simple transforma- 4

tions, we will obtain:

, -+.,). (145)

Here

The relative isentropic heat drop in a diffuser is determined :by a formula

(142) that is well-known to us.

We shall use expression (145) and, after substitutin ho in it, we will obtain:

vot q. (1,46)

Formula (146) changes into (143), if

How formulas (143) and (146) show, an increase in the efficiency of a stage

with the installation of a diffuser very significantly depends on the loss coefficient

with the outlet velocity t.., the efficiency of the diffuser T. and the velocity

ratio c/c 2 , which may-be replaced- -approximately by the ratio of areas (disregarding

the change of density in the diffuser):

cs FS
and in the case of a vaned diffuser

C, d, I, sina
-i- 3  73 71 ina.

where the subscripts 2 and 3 designate the corresponding parameters at the entrance

to the diffuser and at the exit.

Jr comparing the two considered methods for determining the effect of a

diffuser behind a stage, it should be noted that in the first case the influence

of the diffuser is estimated for an increase of x , which is created by the diffuser,

and In the second case, for constant x .

It should be emphasized that the physical Influence of a diffuser remains

identical in both cases, and differs only by the formulation of the problem and the

calculation formulas, correspondingly.

-247-



For the calculation of a stage with a diffuser, it is necessary to know the

magnitude of the power efficiency of the diffuser, which is determined by experi-

mental means. D
Figure 1 46a gives the curves of the change of i, depending upon the entranceAA

angle a 2 for several types of diffusers, and Fig. 146b shows the influence of the

basic geometric parameters on q.

41s
vj-l' 7  v i 11 ,

4# • . 0N Mg. I *.sJA

, a) b)

Fig. 146. The influence of certain geometric and
performance parameters on the efficiency of" dif-

fusers:- a) entrance angle of flow ao; b) ratio of

areas F /F 2 . Curves: - with vaned diffuser;

---- vaneless. M2 = 0.4 to 0.5; Re. =4 .2.105.

As should have been expected, the vaned diffuser is more sensitive to changes

in the entrance angle of flow, and the vaneless diffuser is more sensitive to changes

in the ratio of areas. At small entrance angles, the vaned diffuser has an

indisputable advantage, which gives us a basis to recommend it for regulating stages

that operate at lowered values of x . The vaneless diffuser may be used for in-

creasing the efficiency of a stage in the zone of optimum values of

The vaned diffuser should also be recommeded for the last stages in a group

(cylinder), if the flare of the stage is not too great (e k 7 to 10). For the

last stages of condensing steam turbines of limited dimensions, the question of an

optimum diffuser setup remains open. The transition in such stage to lowered x

sometimes is expedient; however, the possibility of providing sufficiently high

efficiency at small x should be established experimentally. A set of problems

arises here in connection with the selection of the reaction, the determination of

a rational method of twisting, the establishment of the most rational design for

the outlet duct, etc.
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CHAPTER V

VELOCITY STAGES

§ 25. STRUCTURAL DIAGRAMS OF DOUBLE-WHEEL VELOCITY STAGES

Velocity stages, which -are frequently called Curtis- stages (disks), .are widely

used in various types of steam turbines.* The possibility of sufficiently

effectively producing a large heat drop, thereby simplyfying the design,and reducing

the construction costs of a turbine, on- the one hand, and- essentially lowering the

steam temperature inside a turbine, on the other hand, led to the fact that velocity

stages are being applied in turbines of various power from several kilowatts to

several hundred thousand kilowatts. These stages are being applied everywhere in

turbines of low and medium power, in marine turbines, and drive turbines. The use

of velocity stages in these machines Is prompted by the large range of load

variation, when it is expedient to increase the heat drop of the regulating stage.

The same should also be extended to turbines with steam bleed. Velocity stages

are also widely used in power machinery. An example of this is the LMZ series of

high-pressure turbines, the LMZ turbine OB-150, turbine No. i at the Addistown

Station (USA), the Westinghouse 325 thousand-kilowatt turbine, the Siemens-Schuckert

i50 thousand-kilowatt turbine for the Fortuna Station (FRG), and others. Velocity

stages are used everywhere in the form of regulating stages or first stages (:or

throttled steam distribution), in marine turbines, and for astern stages.

It should be noted that the economy of velocity disks was determined recently

only on the basis of the results of tests of steam turbines with old-type velocity

wheels. Thorough investigations of velocity wheels, including comparative analyses,

*Recently, velocity stages have also been employed in gas turbines. -
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and also attempts to create new, highly economical stage, began only recently.

In the steam turbines that were minufactured earlier by our turbine-construction

plants, several combinations of double-rim velocity wheels were employed. These

wheels--were developed lately by certain foreign firms (mainly by-GE in the United

States), and were modified to some extent by our plants. In 1955, the Department

of Steam and Gas Turbines of the HEIcreated several combinations of velocity stages,

-checked them in experimental turbines, and had them manufactured by the turbine-

construction plants (KTZ, LMZ,. LKZ, UTNZ, the Pilsen plants in Czechoslovakia, and

others). Following the MEI, the VTI and TsKTI began developing new velocity stages.
The double-wheel velocity stage, as compared to the single.;wheel model, is A

more complicated cascade combination. Thi design of the flow area of a velocity

wheel is determined by:

a) the cascades;

b) the relationships between the geometric characteristics of the cascades

(areas, heights, and angles);

c) the axial clearances (open and closed) and the stage sealing.

Selection of the geometric design of a velocity stage depends on many factors,
the basic ones- of-which are:

t ) the operating conditions of the stage, i.e., the pressure ratio e = p
1) p2/p0

and the velocity ratio u/c , where c (f =2h0 is the fictitious velocity, which

is calculated for the entire heat drop of the stage;

2) the change of the operating conditions of the stage;

3) the admission of the stage and the quantity of nozzle arcs (including the

clearances between arcs), and the pcqsibility of installing special protection;

4) the possibilities of the stage sealing;
5) the conditions of strength and vibrational reliability of the blading;

6) the technology and quality of manufacture.

Let us discuss the influence of these factors (the influence of admission is

considered in the following chapter). Stages that are calculated for operation with

supersonic velocities at very large drops (e < 0.4 to 0.3) can have nozzle cascades

with expanded channels (see § 32). However, even at velocities exceeding critical,

to e > O.i, convergent nozzles are usually applied.

OThIs book does not consider the triple-wheel velocity stages which are rarely
encountered and only under specific conditions.
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In the last case it is necessary to consider the effectiveness of these

cascades under-supersonic conditions of flow, and also the change of the direction

of the exit angle (taking into account the deflection of flow in the slanting shear

of the cascade).

As the experiments show, the optimum values of xp = u/ce depend on the

cascade combination, e = P2 and- on certain additional geometric factors (absolute

values of areas, clearance sealing, and others'). For known quantities of the

should usually be selected.

Besides the computed values of x and e, it is necessary to know within

what limits these quantities vary. In most cases we try to attain a sufficiently

high stability of efficiency in a wide range of variation: of xP and s, sometimes

being satisfied with a lower efficiency under-design conditions.

The possibilities of the stage sealing to a considerable extent determine the

selection of the calculated reactions, i.e., the ratio of -the cascade areas. If

for some reason it is not possible to ensure sufficient sealing of the clearances,

and also for partial steam input, then it is not recommended to apply considerable

positive, and all the more so, negative degrees of reaction. It should be

recalled that when the conditions are changed (s, and mainly x1) ), the reaction

of the stage and of its separate wheels changes. Increase o. x causes a growth

of the reaction, and with poor sealing, it brings about an increase in steam

leakages. This is the tendency with the decrease of e. One should not forget that

an increase of the reaction leads to the large influence of losses in the moving

and rotating cascades on the efficiency of the stage. The losses in these cascades

arc considerably higher than those in a nozzle cascade, mainly due to the considerable

end effects.

In a regulating stage with a low steam rate, the velocities of the flow become

so high that there occurs choking of the channels of the moving cascade and, in

spite of the lowering of x b, the reaction increases.

In turbines with high parameters with respect to conditions of strength and

vibrational reliability, it is necessary to make the rotor blades wider than is

usually done. Consequently, the relative height of the cascades decreases, and

their effectiveness is lowered. For design simplification in low-power turbines,

the blades frequently are made with straight shrouds, which creates additional

conditions for the ratio of areas and heights.
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The geometric characteristics of a number or velocity stages with conv,, ut

-nozzle channels are presented below.

Old Cascade Combinations for Low-Power Turbines

Thi ,.An :i , ti,) w:; ,nplqyed i-i-arlier in several modifications by the K7 ,rnd-

et usconsider a stage according to the data of NZL (AK-6 stage). The

geometric characteristics of the velocity stage are given in Table 9.

Table 9. Geometric Characteristics of NZL VelocityStages ""

Se ffeTe Of staalePasrana.rs of stage _AX- -[AMB-14

Height of nossle esOa l;l.u. !. .JU .' 8X 1.

nossle."Reade. . . . .. 0.171 O."S-
lo t a vi g Ces adi . . . . . . .. . . . . .2

rotat Cascade. ......... . 0.31 0"

Ratio of areas:
FU.FI . . P ....... ...... .. 1.57 I

. . . . .. 4.71 4.5

... ................ 1I3
1,61 I+ 1,96

- A consideration of the cascades of this stage and investigations of certain

ones, conducted by a number of organizations, showed that they have unsatisfactory

profile shapes, are sensitive to changes in the conditions of flow (velocities and

exit angles). At the same time, the successful selection of ratios of heights and

areas, performed on experimental installations, made it possible, in spite of the

poor quality of the cascades themselves, to attain satisfactory economy under

design conditions. ThIs selection made it possible, under these circumstances and

with full steam input, to obtain an optimum distribution of the wheel reaction.

Old Combination of VelotAty Stage Cascades for High-Power Turbines

This cascade combination differs by the large qxit angle of the nozzle cascade,

and the tapered shrouds of the rotating and secoid moving cascades. Its basic

relationships are given in Table 10.
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Table 10. Basic Characteristic Old Type of Velocity
Stage Intended for Power Turbines

Designation ~ Symbol--1 Qviuitities

Cascade angles'-
nozzle..........at io-Ir
1st moving tvi o 7"2

Ratio of cascade areas F IF, Ls

Ratio of cascade heights Ili 1.l-.2
• I'llt 1.2-1A4

Plants, in applying this cascade combination, for different reasons frequently

deviated from the relationships in Table 10, and they sometimes replaced certain

-cascades.

Thus, as also in-the preceding stage, the moving cascades of this combination-

are unsatisfactory; at the same time, the losses in the nozzle cascade, with high

heights, are not much higher than those in contemporary profiles. It should be

borne in mind, however, that for velocity stages, in distinction from impulse

single-wheel stages, the specific gravity of losses in the first moving cascade is

very great and therefore a decrease of losses in it essentially improves the

economy of the whole stage.

,M I Velocity Stages

The velocity stages " ated and developed by the Department of' Steam and Gas

Turbines at MEI are calL_.ated for various heat drops and are recommended for

steam turbines of various power and different purpose.

The investigations conducted at MEI, LKZ, KTZ, LMZ, and NZL by V. A. Abramov,

F. V. Kazintsev, Yu. Ya. Kachuriner, V. D. Pshenichny, L. P. Sokolovskiy, and

A. V. Shchekoldiny showed the advantages of these stages as compared to the others.

The stages are composed of MEI cascades that were tested in static test: rigs.
Inasmuch as velocity stages, as a rule, have low blade heights, and in a number

of cases for guarantee of reliability it is necessary to have large chords, in the

creation of the MEI velocity stages special attention was allotted to lowering the

end losses. For this, in particular, the special measures listed above were applied,

i.e,., merldional profJlin; In the nozzle cascade with one-sided contraction, and

type "K" profiles for the moving and rotating cascades.
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The cascade combinations and the area ratios are selected in such a way as

to ensure, first, high efficiency with partial steam admission and, secondly, low

sensitivity to changes in conditions (s and x ), which is very important T

-practically for all velocity stages.

Depending upon the calculated pressure -ratio e and the volume flow rate -Gvo

various combinations of MEI velocity stages are reconended. Although the MEI

developed a large number of combinations, this paragraph considers only those stages

which -were tested in the experimental turbines of various plants, those being used

in new turbines, and modernized versions of old ones installed at electric power

stations. P
Three stages underwent this developmnent:-

i) stage HC-0A - intended for low Volume flow rates of steam and low heat drops

(for 0.7 > > o.at5);

2) stage HC-1A - for high volume flow rates of steam and low heat drops
(075 > e > 0.45);

3) stage RC-IB.- for medium and high volume flowo rates of steam and high heat

drops (0.7 > E > 0.35).

All of these stages can be recommended both in their original form, and also

in an improved form (with meridional profiling and with type K moving cascades).
The velocity stages were tested both with ganged milled nozzles, aiid also with

welded nozzle cascades. The flow areas of MEI velocity stages are shown in Fig.

147. The cascades used for the blading of these stages, and their characteristics,

arc considered in Chapter I and are given in the atlas of profiles.

The geometric characteristisc of MEI velocity stages are given in Table 1i.

The MEI velocity stages were investigated for various geometric parameters and

they can be applied for any diameters and various heights, starting from Z 14 mm

and =i/b= 0.3 with a cylindrical contour and from = 10 mm and 1i/b, 0.2 for

meridional profiling with a high quality of manufacture.
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Fig. i147. Flow areas of velocity stages: a) velocity
stage MEI 1{C-1r$ with milled nozzles (LKZ design); b)
velocity stages MEl 1{C-OA and 1W-lB with meridional

4 profiling (KTZ design). c) MEl velocity stage for4
high-power turbines; d5 V'rI velocity stage; e) TsK'I( ) velocity stage.
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Table . eometric Chareteristics- of MEI Velocity

__Typeof stages
Designation J KType o stage

Nozzle daade ...... .C-IA TC-2A or Tc-2 or
TC-2A* TC-26-

ist moViifg cascade.. TPoA Tp-I or TP.16or
TP-IAx TP.lID

Rotating cascade.... TP-2AK TP.3A% T-SAx
2nd moving cascade.. TP4A TP4A ITP-k

Cascade fist nozze I-IY 14- 16" I5-1
ist moving 14-16" 17-19 17-2

exit rotating 20-22 23-250 23-
angles 1 2nd moving 28-3 29-3 31-33

RaUtio of st moving 1.52-.5 1.48-1.54 1.-
cascade rotatin 2.4-2.5 2540-2. 2.45--2.areas 12nd m'6vfrng 3,S-3.& &".4.6 34--1.8

F/F _ _

VTI Velocity Stage

The VTI is using its own velocity stage for modernizing oldtype turbines.

The flow ares of the VTI stagd is shown in Fig.. i47d. The geumetfic ratios of the

VTI stage are given in Table 12. I1 velocity stages were investigated in experi-
mental turbines at LMZ, LKZ, and-NZL.

1: Table 12. Geometric Characteristics of VTI Velocity
Stage, for Modernization of LMZ Turbines BK-100-2

Designation scade Angles F
,_____ _-I ite. I .... __ 21j

Nos-le cascade........ IU1-2222 ISO I
lIt moving- cascade .... VTI-28- 2016 24" 1.23
Rotating cascade...... VTI 250j200 37 2.282rd'moving cascade .... VTI-e 35o/32 13' 4.16

In spite of meridional profiling and new moving and rotating cascades which,

of course, should increase the economy of a stage, the VTI cascade combination

has, in our opinion, essntial deficiencies. First, the nozzle cascade is not the

best under these circumstances, which was proven by static tests of LMZ ]50].

Secondly, as may be -seen from Table 12, the first moving cascade has a very small

relative area as compared to the other combinations, and consequently, with full

steam input it has a high reaction, which was coifirmed by experiments in a turire.

With partial steam input, this high reaction will cause increased losses due to

leakages, which considerably lower the economy.

TsKTI Velocity Stage

For subsonic velocities, the TsKTI developed and investigated [70] a velocity
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stage. The stage was tested with one cascade combrz, ion and one height, 1. =

20 mm (1 1/b! = 0.87). The dimensions of the stage are szown in Fig. 147e. The

axial, and especially the radial clearance'. are small. The stage was equipped with i
an C-i nozzle cascase and- T-1, T-2, :and T-3 cascades. Angles a, = i20.55. The

stage was tested in two modifications; in the second, the angle of incidence of the

profile of the first moving cascade was decreased by I, and increased by 2° for

the rotating cascade. !

The efficiency of the stage with full input is shown in Fig, i148. At optimum

xp the experiments were conducted with. = 0.9 and'Re. k-i0- The total
- 1c 1

reaction of the stage in the optimum zone t

( - .{i --- 1 i amounts to ZP = 0.22 to 0.24 (curve 2). ',

S =The stage of the second modification, in

W experiments with radial seals removed (curve i

'91 - __1-_ showed a decrease in economy by O = 0.05

-- (at s = 0.48 to 0.57). This stage was also

iz/f AM, .428 -0.30 - 032 - &flc investigated with+ partial input. In this

Fig. 148.- Efficiency of TsKTI, case, in the inactive part of the rotatingvelocity stage with full input(TsKTI experiments): ZI = 20 mm; cascade- the channels were closed ane the

0.5; Recl bounds of the impulse arc were somewhat

displaced. The efficiency of the stage with

partial admission e = 0.5 amounted to ( mi)rax =

= 0 .7 4 . +

Comparisons of Velocity Stage Economy

Plant laboratories conducted comparative investigations of various combinations

of velocity stages, which are considered in this paragraph, in experimental steam

turbines.

Similar tests are the most correct for a comparison of the economy of different

combinations. An obligatory condition must be identical technology and quality of

manufacture. In a number of cases these requirements were not observed, which

should be borne in mind during the analysis of the results of the experiments.

(TZ experiments. The KTZ laboratory conducted a comparison of the economy

of an old combination and MEI stages KC-iA in the original version. The stage

tested had a diameter of 800 mm, nozzle height :5 mm, and partial admission e =

0.11. Under t-ansonlc conditions (s = 0.118 to 0.59) the efficiency i was

Increased from 56.7% to 72%. The technology of manufacture of the stage was
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practically identical and corresponded to standard plant tecu.ology- [7].

ALZ experifents. With an identical diameter- of d .% 935 ,i -fiozzle height,

*1 19.7i and full steam input, three, fuil-scale elecity stages were. tested; (3)
an old -L stage similar to the stage considered Above in Table 0;Q -iMi C-1

stage in original form, i.e-, without meridional bftling; a VTI stage with

meridional profiling. All three stages were mirufactured, with large design deviations.

The experiments were conducted at a dohstant speed, .h 3000-.rpn. 4he-bIgest

efficiency of the 1EI stage, as compared to the old' stage, gav a. gain of 14%.

{The curve of efficiency of the VTI stage lies betweefn these tw'o curves. With

partial steam input, the advantages of",the MEI stage shduld --e exhibited-t6 -an even,

greater degree (see Chapter VI). - U

NZL exoeriments. The economy of an A{-6 NZL and an El KC71B.velocity stage

was compared. The MEI stage was tested in original formwith a welded diaphragm

manutactured by KTZ. The NZL stage had milled nozzles; therefore, a comparison of

the results o the experiments is difficult., Furthermore, it should be noted that

the A9-6 NU stage must be compared with, an MEI HC-0A st;ge, which is also calculated

for low volume flow rates of steam. According to the results of NZL experiments

* with full steam input, both stages that were investigated have approximately identical

economy. With partial steam input, the MEI stage has an advantage of 0.3 to o.8%

[52, 53]. Even without the latest improvements, the MEI stage with identical

technology will show a noticeable gain in economy in a comparison for identical

area F 7 = rdle ;i.n asd (see below, Fig. 178).

LKZ experiments. The LK7Z tested, In particular, an old stage, the so-called

combination No. .13, an MEI HC-IB stage, and a VTI stage. The technology of

manufacture of the stages (milled nozzles) and the basic dimensions were identical;
With full steam input, the experiments showed a lower economy fot stage No. 113

than for the new stages; the MEI E.tages have a somewhat higher efficiency than the

other stages (this advantage shows up essentially at small u/ce ).

With partial input, the MEl stage should have a better economy than the

remaining combinntions, especially with high heat drops. Recently a version of the

MEI stage was investigated [78].

§ 26. TiHE INFLUENCE OF THE BASIC PERFORMANCE PARAMETERS ON THE EFFICIENCY,

REACTION, AND RELATIVE FLOW RATE OF A VELOCITY STAGE

For the calculation and selec' .on of a velocity stage, and a comparison of it

with a single-wheel stage, Lt is neevossary to know the effLciency of the stage Oi'

the reaction p, and the flow rate characteristic, i.e., the relative flow rate )
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l'q or the fl6w rate coefficient of the stage ILe" Knowing these Aquantities and all

the geometric characteristJcs of' the stage, one :can determine the steam flow through

the stage nd its power, perform a strength analysis on the, stag elements.

:All three of these quantities, rki, p, djiq (or per), depend on the geometric

and performance-,7r-meters. The latter imply, -as usual,- P E = P 2/Po"-

and -the Reyholds number.

Since static investigations and experiments with stages in.eiperimental turbines
showed that the influence of the Re number on the efficiency and ,the other

characteristics starts to show up only at Reel < (3 to 6)-105, i.e., at Re numbe#s

which are not encounted in the velocity stages of stationary steam turbines, then,

in-distinction from Chapter IV, the effect of Reynolds number is not considered

here. Thus, only three depehdefices remain.

IL fx, );

Ialr(x#-,;z and p=r(x,. e)..

In saaiyzing the change of the reaction, we shall not limit ourselves to the

total reaction, 4p, which is the ratio of the available heat drop of both moving

and rotating cascades to the available heat drop -of the stage, and we shall

investigate the reaction around the wheels, i.e., for separate cascades, p,, pN, and

P2' inasmuch as only a detailed analysis of the reaction around the wheels makes it

possible to correctly select the dimensions and calculate the stage.

The influonce of x on Stage Efficiency

A change in x. (when d = const) affects the efficiency of a velocity stage

due to:

a) the change of the magnitude and direction of the outlet velocity c 2, and

consequently, the magnitude of the losses with the outlet velocity CB.oc

b) the change of the exhaust velocity from the nozzle cascade in connection

with the change of the reaction and the losses in this cascade C , inasmuch as

they depend on the M number;

c) the change of the magnitude and direction of the inlet velocities to the

moving and rotating cascades, and consequently, the conditions of the flow around

YIf the sLneo; aro tested in experimental turbines at Re < HeSBTOM, it Ls nec-

,sary to introdizvo a eorrotlon for the Re number.
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these c.:scades with the losses in them;

d) the redistribution of heat drops between cascades, taking into account the

various effectiveness of all four cascades, leads to a change in the stage efficiency; ("

e) the change 0f I0sse due to steam leakages, directly or indirectly (through

the reaction), dependi.; on x,;

f) the change of disk friction-losses, which depend on x3

The dependence Ioi f() for a specific stage,, with its geometric charac-

teristics determined- .4nd given e, can be determined experimentally. Such a typical

dependence is the curve shown in Fig. 149; The points

were obtained by experiments in an MEi experimental

A NND steam turbine for a -C-1A stage with the area, ratio

i:i.63:2.48:3.60, diameter d = 668 am, and- nozzle

height 1. 25 Om, I1/bI - 0.5. The chaacteristic

07 J [curve was oborified-for constant s. When e = 0.60

the highest efficiency oi' considering ail losses

in-the stage, including the losses due to disk
0.70 - 1,I. -

--- frictioh, is attained at x = 0.31. At the value

_H_ of f = 0.23, the efficiency is lowered by A o/Ioi =

xO6P i0.55; R721'o
.v 2.8%, and at x = 0.b2,y 9.1%. Ths

4sharp lowering in efficiency with the growth of xe)

o 0.4 ,/ to -a considerable extent is explained by the increase

Fig; 149. Relative in- of losses due to disk friction which, as compared to
ternal efficiency of an
MEI velocity stage 1C-iA, xj = 0.31, increase by 2.5 times.
depending upon u/cb and It is considerably more difficult to calculate

various e (MEI experi-
ments). the dependence joi = f(xd) for a double-wheel stage

than for a single-wheel stage, since it is necessary to know the change of the

conditions of flow around the four cascades, the characteristics of which are

usually known only on the basis of the results of investigations of two-dimensional

cascades, and the flow rate coefficients are inaccurate.

If, for a determined efficiency of a single-wheel stage, the main condition

of correctness of the calculation according to the results of static test was an

exact knowledge of the losses in the nozzle cascade under conditions most

approximating actual, then for a velocity stage this requirement is also extended

to the moving cascade of the first wheel.

For a doublp-wheel velocity stage, the change in efficiency, depending upon
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the change in cascade losses (&t optimum xqp), may be .expre3sed by the: :approxilmate

formula

(9W MA. AC+ 5ACIP O,2AL +0.056. (4_47)

Thus, an error in the determination of lp- by 1% will lead to an error in

the determination of efficiency Ai by 0.5%, and at the same time, for an impulse

single-wheel stage, this will give an error in efficiency by only 0.25%. However,

the calculation of -a velocity stage; although it does not give full coincidence

wItl the experiments in a turbine, nevertheless makes it possible t perform an

analysis of the influence of various factors on the economy of the stage.

Figure 150a gives the dependence of cascade losses and loss with the outlet

velocity for a HC-OA double-wheel velocity stage with e = 0.55, which was calculated

according to static CaScade tests, includI'ng tests of a nozzle cascade in a full-

scale diaphragm. One would think that the main influence on the change of

efflciency q would be rendpied by the losses with the outlet velocity, while the

lossos in the nozzle -cascade) wouA. not change essentially. In reality, for a

given stage and givens, upon,'ransition from x = 0.34 to x = 0.20, the losses

In the nozzle cascade increase from 8 -to 15.5%, i.e., they increase almost twice;

the losses in the first moving cascade

increase from 5.5 to 8.5%; in the

rotating cascade they increase from
X

A 2 to 3.5%; in the second moving cas-

X - 40'- cade the losses almost do not change.

33- a The losses with the outle'; velocity,

- 0 " 1 after reaching a minimum of 2.5% at

- -xq) = 0.3, increase at xi = 0.35

" 0 and xq) = 0.2 to 3%. Thus, from a

/ V _ _ _ consideration of the graih it is cloar

a) b) that the main change in efflcilrnt-y I:
Fig. '. Calculatio of {C-OA velocity
sLage at e = 0.'5; a) duange of cascade connected with the losses in the
losses and losses with outlet velocity
depending upon u/c ; b) change of nozzle cascade. This is explain.:(d

entrance angles and angle of direction of
outlet velocity from u/c d, by the increase of the heat drop in

front of this cascade in connection

with the decrease of the total reaction

'I
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and the transition from subsonic to supersonic velocity, when. the losses not-iceably

increase in the given cascade.

For another s, the picture of the change of losses from x can be completely-

different.

Thus, for instance, for the same HC-OA stage, but at E = 0.7, in the same

range of variation of x, the losses in the nozzle cascade change from 9.3% to

12.7%. For an analysis of the performance of each cascade it is necessary Also to,

kiow thb changes of their angles at e = 0.55, which 'are shown in Fig. 150b.

The optimum* value of the Velocity ratio Y6 is veiy important for a
OHT

velocity stage. For Velocity stage with full steam input, this value varies from

0.26 to 0.33 and depends mainly on the total reaction of the stage Sp (or the aiea

ratios end' s). The greater Zp is, the higher the value of AOn" A large

influence on-XcoJT is rendered the stage sealing and the dimensions of the

nozzle cascade. In the absence of sealing, XqOHT decreases and, other things

being equal, x OnT increases as ti -aiea P, increases.

Inasmuch as a decrease of the 'ptimum value of is very important,

since it leads to the development of a large heat drop, i.e., the solution of the

main problom of a velocity stage, it would be of interest to create, special stages

with low xOIT owev-- 'Lowering of optimum XqT is possible only at

small. Zp and large additional losses. Other ways of lowering OT which is

applied In a number of cases, is the installation of a diffuser behind the stage

(see § 24). A very small Zp leads to a certain decrease in economy and, most of

all, it gviv-s a steeper, descending character of th, dependence of efficiency on

4 wLth the decrease of xq. Thus, an increase in the efficiency of a velocity

stage is inseparably connected with an increase of x onT.

V should be noted that in the practice of a number of turbine plants and in

training literature for design conditions of a regulating double-wheel velocity

stage, even with low additional losses, decreased values of XO were selectcd.
olIT

Quite often this was encountered in unified turbines.

For powerful steam turbines, wher c:nnomy Is a decisive factor when designing
tlho flow aro,' sufficiently high optimum values of x must be selected. According

11fer' -tnd below, the optimum velocity r ,-.o xd, implies the quantity that
eo, nures the highest stage efficicey, and iot t maximum economy of the whol.e tur-bine. Tn t chnical-economlc calculations, the hn.t.t drop of a regulating stage docs

not corr-svond to the optimum value of x h. 'hose questions pertain to the deslgnlng
oP an entir" turbirnc on the whole and are not c<nsid-red in this book.



to available data on foreign turbines, the practice cf the GE 'Company should be

noted; GE, designs their double-wheel regulating stages for x4 = 0.31 [142].

Of large value for ,a velocity stage is the stability of the efficiency, which

is especialy important from. the poiht of view of varying operating conditions,

'i wt ch there is a wide change of the haracteristics of xq and e iivelocity

stages. This position pertains practically to all cases of the application of

velocity stage; -in the form of a regulating stage, the astern stages in mariie

turb~ws,,and'the stages of a drive turbine. The stability of a stage's economy

is qttained by: first, the selectin of cascades with low losses in a wide range

of *ariation of M number and angle of leflage; secondly, the correct selection of

the area ratios, especially for the first wheel, which ensures moderate positive

reactions; thirdly, good stage sealing, which lowers the losses due to steam leakages.

It the stage has an insignificant drop in effIciency when xp is decreased,

it woula be of value in a number of cases to design the velocity stage with a
velocity ratio below optimum for turbines with low Volume steam admission.

-we shall discuss two cases.;

i. The heat drop of the stage ,remains the same, but the'calculated xP is

lowered. This ieads to a decrease of the diameter and to -a corresponding increase

of either the blade height or the partial admission. If partial admissi6n is

'I - disregarded, and a stage with full steam, input is considered (for instance, throttled.1
I steam distribution with the first stage -a Curtis disk - of the Westinghouse

turbine, USA, with a power of 325 thousand kilowatts, an increase of the cascade

height undoubtedly will increase the stage efficiency to a larger degree than it

can lower the decrease of diameter. Thus, for instance, for a stage with a welded

nozzle cascade without meridional profiling, with d = 1000 mm and height I = 20 mm,

'(P OPT 0.32 and T) 76.5%. A decrease of x to 0.28 will lower the

efficiency by 1.2%. For the same heat drop, the diameter of the ,stage will be 875 'am,

which will decrease the efficiency by 0.4%. An increase of the height of the

nozzlegrid to 22.9 mm will increase the efficiency by 1.5%. As a result, the

relative blade efficiency will almost be unchanged, and the relative internal

efficiency will even increase somewhat because of the decrease of losses due to

disk friction. The calculation of this example was performed on the basis of

materials of an Investigation of a MEI stage with a very sloping characteristic

curve, 1o = f(x ). I' the stage has milled ganged nozzles, the effect of

heig~jt will be smaller. 'herefore, x) should be selected in conformance with the
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specific characteristi, s of the stage, including the technology of its manufacture.

2. The diameter of the stage is the same, but the calculated velocity ratio

x is decreased. In this case the efficiency of the stage-:will drop, the cascade o K
area will decrease somewhat (for a subcritical flow), the efficiency of the whole

turbine will be lowered, and the design of the entire turbine will be considerably

simplified, A.e., the number of stages will decrease, the steam temperature after

the regulatig- stage will be lowered, and steam leakage through the front end sea.
_I

will simultaneously decrease. Therefore, the computed value of xb and the
diameter d of the regulating stage (or the f rst stage) should be selected with

consideration for the design and the economy of the turbine on the whole. If it is

a question of a turbine with steam reheating, then the selection of the characteris-

tics of the regulating stage should be conducted by taking into account the economy

of the entie-unit, bearing in mind the dec#ease of the heat input in the reheat for

lowering the efficiency of the high-pressure portion.

The-Influence of the Pressure Ratio s on Stage Efficiency

In distinction from a single-wheel stage, the influence of e on the efficiency

of a velocity stage was known long ago and has been noted by all researchers,

although there is no fundamental difference here, of course.

The influence of e on the efficiency of a velocity -stage is caused by:

a) a change in the cascade losses, depending upon the M number; for a double-

wheel ',rage, as already noted earlier, a decisive role -in economy is played-by

the losses in the nozzle cascade and the first moving cascade; the dependence of

these losses on the M number also determines mainly the influence of e on stage

efficiency;

b) a change in the reaction of the stage and, due to this, the redistribution'

of heat drops between cascades and the change in steam leakages.

Thus, Lt is obvious that the change in efficiency, depending upon s, will be

determined by, first, the selected cascades; secondly, the area ratios of the

casCades, L.e., the reactions; thirdly, the relative clearances. For a Hb-iA stage

with dimensions d = 668 mm and 1 25 mn, Fig. 151 illustrates the results of

experiments with x, = 0.3. In general, the dependence 9oi = f(s) for d.4fferent

u/co, can have an absolutely diverse character. Illustrations of this are

given in Fig. 149, where, according to MI experiments, graphs for qoi M f(x , C)

are given for a HC-IA MIU stage, while Pig. 151b refers to an LKZ stage No. i13. In

the IC-IA stage, for the entire range of investigation of x the highest efficiency ( )
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'corresponds to e = 0.6; both a decrease of it, and

also an increase lead to a decrease in economy.

- '' This dependence is explained by the fact that,

taking into account the reaction for a pressure-

1 4 L ,.ratio in the stage e = 0.6, the condition of flow
v 4. 4 U 47 past the nozzle cascade and the first moving

a)cascade remaiins optimum for;all1 values of x$.
Supersoic velocities in the nozzle cascade, just

,---- as low M'numbers increase the losses in, it.

In stage No. 113 the characteristics of the-

cascades are different, and the reaction is also,

different. The' nozzle, cascade of this stage, in,

'OAS distinction, from the TC-2A cascade of 'the {C-1A

stage, which has its minimum of losses in the
X 47

, zone of M.= 0.9, is the most economic at M = 0.7.
b) Therefore, when x. > 0.29, the highest 6tage -

Fig. 151. Relative internal
efficiency, %i, depending efficiency Is attained in subsonic conditions of

upon the, pressure ratio e flow (E = 0.55 to 0.7). A lowering of e, 6speciallyp;'/ Po (MEI-experiments.): fo S=05 o67.Alwrn £

a) for -velocity stage KC-lA in the zone of supersonic velocities, leads to
with u/c 0 .3; b) for
LKZ velocity stage No. i13, a decrease in economy. With small and rge
d = 653 1flf l : = 15 mm, e in the stage and, in particular, in the first

'nozzles a- ganged and milled.
wheel, there appears a negative reaction. Since

this stage is equipped with old profiles that are sensitive to changes in conditions,
the ncga'6ive reaction essentially lowers the econiciy and the efficiency curve

has' a steeply descending character. At the same time, wi'h small e. the reactiur.

will be greater, and positive for the investigated x . Therefore, the efficlency

curve for small e has a sloping character. This leads to the fact that when xq >

> 0.29 the highest efficiency corresponds to the value of e = 0.55 to O.7; when

0.23 < x < 0.29, it corresponds to e = 0.45 to 0.5, and when x < 0.23, thle

pressure ratfo is s = 0.35 to 0.4.

An analysis of the influence of e on the econonky of a velocity stage can be

performed with the help of the aerodynamic characteristics of the cascades and the

known reaction. As the calculations show, in spite of the indicated difficultes,

for a velocity stage, just as for a single-wheel stage, it is possible to calculate

efficLency not only depending upon x,, but also for various e. Such a calculated
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graph for the C-OA stage is slown in Fig. i5"!.-

I As can be seen from the graph, for the givern

stage, Just as pccording to the experiments, the

| curves for n= f(x ) intersect when e = cofist.

The Efficiency of a Double-Wheel Regulating

Stage with Constant Speed

For the calculation of a regulatin~g state

it is necessary to know its characteristics for

a constant speed, when the change of xq is

connected with the change of s. Inasmuch as,

Fi'. 152. CAlculated .graph of depending upon-the steam parameters (practically
tlie dependence of relative blade
efficiency, qoa, of a KC-OA on the initial temperature), the computid value

velocity stage, on u/c q and s. of x can correspond to different s, this

stage characteristic will correspond not only to

definite geometric parameters of the stage, but also to definite steam parameters

and a definite speed. This dependence can be obtained by two-methods: by testing

the stage in an expdrimental tUrbine -with a constant speed, and by means of

recalculating the stage- characteristics obtained in the experimental turbine for

a Variable speed and constant s. It is natural that the first method usually is

not applied for investigation, since it is not universal. It is sometimes used

in ,plant laboratories, when it is necessary to obtain the characteristics of a

specific full-scale stage.

Figuro 153 shows two curves, i.e., the efficiency of an LMZ old-type- double-

wheel sta. according to the results of test with n = 3000 rpm = const in an LMZ

i xpertimen'al turbine (50], and the efficiency cf a C-iA stage, obtained by

r(ca.culation from MEI experimental curves.

47 -. -

2

Fig. 153. Value of the efficiency of a double-wheel
4&' -velocity stage: I - curve of stage MEI HC-lA, obtained

by recalculating the experimental curves for e = const,/ ! ' and n = var (MI exprtxne:.s); 2 - LMZ experimental
curve for an old stage combinat.ion with n = 3000 rpm =
= const.
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When using the experimental c:urves obtained for n = var and a = const, it

should be recalled that the optimum value of xq, and also the highest possible

efficiency, can vary after recalculation for n = const.

The Influence of U/c and e on the Reaction of a Stage

The reaction-of a velocity stage is composed of the reactions around the wheels,

P= P1 + pn + p2 . For the given operating conditions of a stage, the ratio of the

reactions around the wheel dependsmainly on the 'cascade area ratios.

When xq changes, the reaction around all the wheels changes, and consequently,

the total reaction also changes. As demonstrated by numerous experiments with

various combinations of velocitystages, and also calculations, the reaction in the

second row of a-,moving cascade almost does not depend on xp. The reaction in

the rotating cascade and: in the first moving cascade depends on xp approximately

linearly.

These facts are illustrated by graphs for three different combinations. Figure

i54a shows experimental graphs for an NZL AK-6 stage at e > e. (NZL experiments);

Figure 154b illustrates the results of MEI experbaents with an LKZ stage No. 113-at

= 0.35 (dot-dash lines) and a calculated graph 2 (dotted line) for an NEI KC-0A.

stage at e = 0.45. In the last case the solid lines indicate the- curves of the

reaction without taking leakages into account, and the dotted lines represent with

reaction curves, with leakages taken into account.

4 -0 - _'x

00

, - _ - "--2 3 ....-05 V- 1, _

9Oi 0.20 0.?,1-02 02S 2 OaOA', . - -

a) b)

Fig. 154. Curves of total reaction and wheel reaction for a velocity stage with
full steam input: a) e > s,, NZL stage AH-6 (NZL experiments); b) I .. =

0.35, LKZ stage No. 113 (MEI experiments); 2 - - taking into account lenkage; in
clearances (calculation), e - 0.45, MEI stage HC-0A; 3 - the same. without taking

_) x.r,to account leakages in clearances (calculation).
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The total reaction also varies approximately linearly, depending upon the

pressure ratio e, whereby the greater the pressure ratio e, the smaller the reaction,

which is clear from the graph in Fig. 155, where curves

Zp are given for an LKZ stage No. 113 at xp = 0.35 and

(2~o 4 015.

42 By analggy with formula (75), for a single-wheel stage

, - it is possible to derive a formula for calculatirg the

Schange of the total reaction of a velocity stage Wilth full

F 1. t r input), depending upon xY In simplified form, this
Fig. 155. Total re-

action of No. 113 LKZ formula is written as
velocity stage with
full steam input, de-
pending upon pressure ( 0 -. (

0.3 (18
ratio e (MCI experi-
ments). The graph in Fig. 156 illustrates experiments

with five stages frjr various c, which indicate that

formula (1118) is satisfactorily confirmed by the experiments.

A simple and universal formula for cal-

-' - - culating the influence of e on p -cannot

be created, since this influence in many
((1 respects is determined by the aerodynamic

characteristic of the cascades. However, for

0 a preliminary estimate it is possible to use

.... - - _ the following empirical dependence:'1_1. ____

- su( A 0,8 [1 (149)

IJ435 MC*D'I where 11 - (mm],
- ~ __I _ 61 4? ,g-,I-A

So. AC-+I k - the isentropic exponent.
/, °oI493 .Vz,.4

- Flow Rate Characteristics of a Velocity Stage

I For the calculation of a stage, in parti-

/ cular in varying conditions of its performance,

Fig. 156. Comparison of formula it is necessary to know the steam flow rate.

- 0.5[(u/c.)/0.3 - 1] with Of particular importance is to know exactly

MEI experiments, the discharge capacity of the regulating stage.

If for an intermedlate stage an error in the determination of the flow rate leads

to a certain redistribution of pressures and heat drops through the stages and, in

the final result because of this, to a change of economy, then an error in the

determlnation of the steam flow rate through the first stage leads to the same
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(for a critical flow) or almost the same power error of the turbine, if the flow

rate is less than the maximum calculated value.

) For the calculation of the regulation system in general, it is impossible to

avoid using curves for the change of the steam flow rate through the regulating

stage, depending upon the operating conditions of the entire turbine.

As also for a single-wheel stage, for the determination of the discharge capacity

of a velocity stage it is possible to use two characteristics: the flow rate

coefficient of the stage

0

and the relative flow rate

0

where is the critical flow rate through the nozzle cascade.

The flow rate coefficient of a stage pT depends on the total reaction of the

stage and the flow rate coefficient of its nozzle casc&de ,l. The relative flow

rate, furthermore, depends on- the pressure ratio of the stage e.

For a small range of variation of the dimensions (heights) of the nozzle

cascade of a velocity stage, the flow rate coefficient of the nozzles gi changes

insignificantly, from 0.96 to 0.98. The reaction of the stage Xp depends on the

area ratio, the clearances in the stage, and two performance parameters, i.e., the

velocity ratio x and the pressure ratio s. Inasmuch as4iL also depends on e, the

relative flow rate is

pq=I (e, x#).

Figure 157 gives a typical graph for pq = f(S, x ), which was obtained frcm

tests of an LKZ velocity stage in an MI experimental steam turbine. Measurement

of the steam flow rate was accomplished by weighing the condensed steam.

While the pressure ratio in nozzle cascade amounts to e. = P1/Po < s,, the

steam flow rate remains practically constant, an increase of e leads to a lowering

of the flow rate, and an increase of x(b, with given e, leads to an increase

of the reaction and, consequently, to a growth of ei, which means a lowering of the

steam flow rate.

For the calculation of a specific stage analogously to the method employed

above for efficiency, it is necessary to reconstruct the graph for liq = f(E, x )

Into such a dependence liq = f(x' ) with n = const, when e = f x ). An

example of such reconstruction for this stage is shown in the same Figure 157.
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Curves are reconstructed for n = 3000 rpm =

Ju .2 U 4 ui/a = const;- each curve for given e corresponds

to its own x , i.e., to a different .

~.. ~ -. stage diameter. The graph shows that the

-As use of the results of experiments with a

- model stage for each specific case gives

S-its own dependence pq = f'"(x

According to NZL experiments conducted

46 with an ME i C-IB stage, the values of

the flow rate .coefficient of the nozzle

- - -- cascade are 9i -0.975.

e-7 7 § 2 THE INFLUENCE OF G OMERIC PARAM-
--. ETERS ON THE CHARACTERISTICS

OF A-STAGE

Fig. 157. Relative steam flow rate t.q Velocity stages, as already indicated

of a velocity stage- in an MEI experi, in § 25, can differ by the types of cas-
mental turbine (with full: steam input
and i = var) and recalculation of ex- cades, the ratios of their dimensions, the
perimental results for n = 3000 rpm =
- c6nst. Curves: I - for e = 0.5, absolute dimensions of the cascades, in
uC/c =o.24; 2-s = 0.5; u/c

0306. the first place the nozzle cascade, and

also the axial and radial clearances.

Of large value is the shape of the flow area in the meridional plane and the

technology of cascade manufacture, mainly for the nozzle cascade.

The selection of cascades for a velocity stage has certain peculiarities.

1. Inasmuch as velocity stages are applied in the overwhelming majority of

cases for low volume steam admissions, the absolute values of the blade heights

are low and the end losses in them usually are considerable. In the moving and

rotating cascades very frequently, for the sake of reliability it is necessary to

increase the chords, which decreases the relative heights and increases the end

losses. Therefore, the cascades of a velocity stage must be selected in such a

way as to lower the end losses. This requires special profiling of the cascades,

in particular meridional profiling of the nozzle cascade. Since the influence of

the technulogy and quality of cascade manufacture increases as the height decrease,

high requirements should be set up for the manuf.acture of velocity stages. In

particular, it is desirable to manufacture not welded, but gang-milled nozzle

casad s with straight shrouds, with the observance of density between separate
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nozzle segments. Special attention should be given to the joints between rotor

blades, where there are frequently rough spots, the attachment of the shroud to the

(7) blade casing along the entire length, and the proper design of both the trailing

and loading edges. Even .hand finishing of a low-auality velocity stage can noticeably

increase its economy.

2. The application of bla(-s of low height and large diameters of velocity

stages (i.e., with high ratio d/1) excludes the necessity of special blade twisting.*

3. 'Usually velocity stages operate in a wide range of variation of conditions,

whereby both the velocity ratio and the pressure ratio change. In connection with

this, the discharge velocities change in the nozzle cascade, the first moving

cascade and, to a smaller degree, in the rotatingl cascade due to the change of e,

the ratio also changes. Therefore, the cascades of velocity stages must be able

to resist changes of the N number. Both the moving and the rotating cascades are

streamlined by steam with considerable deviations of the entrance angle from the

calculated value. This naturally requires the selection of cascades that are not

very sensitive to changes of the entrance angle. Thus,. for instance, in the KC-OA

velocity stage, with a change of xq from 0.2 to 0.35 (comparatively small change

of x ) and e from 0.7 to 0.45, the angle of entrance to the first moving cascade

13 changes from 15.70 to 24.4 0, the angle of entrance to the rotating cascade

a2 varies from 22.5
° to 390, and the angle of entrance to the second moving cascade

P! varies from 380 to 920 . Figure 150b shows a calculated graph of the change

angles for this stage, depending upon x, (at e = 0.55 = const).

It. Many velocity stages are designed on large heat drops which correspond to

near-critical and even supercritical veloc 'ties. An even greater number of velocity

stages, which operate in design conditions with relatively low velocities, attain

supersonic drops when the conditions are changed. In certain stages, even relative

velocities of steam entrance to the first moving cascade, w:, can exceed critical

values.

As it is known, many old turbine cascades, including those applied earlier in

volocity stages, do not correspond to the above-indlcated requirements. This was

one of' th, main caunes of low efficiency of the old velocity stages.

'WIth the except:ion of certain special cases in gas-turbine construction.
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The L4Z laboratory Investigated an old-type VC.Z double-wheel velocity stage,

which was employed earlier in a series of high-pressure turbines, and an MEI

Y1.C-iA stage with the same basic dimensions. The efficiency gain obtained in this (9

case upon transition to a new stage is explained by many reasons. However, the

main factor that ensures an increase in efficiency is the. application of aerodynam-

ically improved cascades that are adapted to the specific operating conditions of

a double-wheel stage.

Of interest from this point of view are the experiments that were conducted

by V. D. Pshenichny at the LKZ laboratory with a HC-lB YZI stage having a diameter of'

700 mm and nozzle height 173 mm. When the MEI TC-2B nozzle cascade was replaced by

an C-I TsNII cascade, which is also specially profiled and has approximately the-

same profile losses under design conditions as the TC-2B, then, in spite of a

certain increase in relative height (Zl/b I = 0.32, instead of O.O), the stage

efficiency was lowered by AT/11 = 1.5 to 2.3%.- Actually, the C-1 cascade has an

effective angle 1.30 less than that of the TC-2B, but 'such a small difference in

angles, of course, cannot play any essential role in the change of the angle of

leakage in the first moving cascade which, moreover, was specially profiled for

stable performance at various- angles P:.

The basic causes of the difference in efficiency of these two stages are:

1) the end losses; the TC-2B cascade, which is profiled for low heights, has

an increased relati.ve pitch; for the investigated cascade dimensions, the end

.I losses amount to 2.8%, whereas for the C-i cascade they are equal to 4.4%;

2) the TC-2B cascade is intended -or operation with transonic velocities.

Figure 158 shows the difference in

1 i /q economy, 67oi/o i, of these two stages

S0.3 according to LKZ experiments. In the
ao 1 h i entire investigated range .of u/c for

0 O a stage with aTC-2B nozzle cascade, the
Fig. 158. Increase of economy of a M XI C-1B combination was more economical.

Ci-IB stage with an MEI TC-2B cascade
as compared to a stage with an C-i If we consider that the main difference
cascade: nozzle cascades are ganged
and milled, d = 700 mm, 1$ = 17.3 mm, in the economy of cascades is explained by

s = 0.465 - 0.48, full steam input the end losses, i.e.,
(LKZ experiments),

At 4,4- 2,8 1.,6 1%,
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then for v,'locity stages with optimum v

Aiw= -0.9A= -1.45 % and 7j, 2 %

Afttr an analysis o thie graph of comparison of the econony of these! sa

(9 (Fig. 158), it Is clear that for all investigated values of x. the cascade

combination of stage HC-IB has a higher efficiency. As x increases, the

difference in efficiency decreases. This is explained by the fact that in the KC-1B

stage, because of the large area of the nozzle cascade, the reaction of the stage

is somewhat higher. As x increases, the reaction of the stage increases, and

the losses due to steam leakages become noticeable. At small x, a decisive

influence on the economy of the stage is rendered by the losses with the outlet

veiocity.

The Effect of Cascade Height

An increase of the absolute height of a cascade, all other quantities being

constant, has a-favorable effect on the economy of a stage. An increase of I..

leads to a decrease of the end losses in the cascades and to a lowering of parasitic

steam leakages, and also to a lowering of the losses connected with overlaps,

inaccuracy of manufacture, and so forth.

For low cascade heights, special measures for decreasing the end losses should

be applied, e.g.:

1. A decrease of profile chord and a corresponding increase of relative

cascade height. The influence of a number of factors, which-were discussed above

in § 22, should be considered here. A decrease of profile chord lowers the Reynolds

number. For velocity stages, as a rule, the Re numbers lie in a self-similar

region; therefore, the influence of this factor can usually be disregarded. As the

profile chord decreases, the relative surface roughness increases. Independently

of the profile chord, the conditions of technology and strength necessitate the

manufacture of profiles with a definite magnitude of the trailing edge. A decrease

of chord in this instance leads to an increase of edge losses. Hence there appears

t.he concept of optimum cascade chord, which was considered in Chapter II, where tho

losses connected with double curvature have a defined, but almost uninvestigated

value.

2. Meridional profiling of the nozzle cascade.

3. Moving cascades specially profiled for lowering the end lodses, in

particular the K-type cascades.
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4.. Good sealing of stage clearances.

The effect of cascade height on the efficiency of a double-wheel stage

-;ss.ntially depends on the technology of manufacture; in particular, with the use (
of welded nozzle cascades, the influence of I is considerably larger than with

Zanged and milled nozzles. This is explained by the rougher manufacture of the end

walls, the additional losses in the welding spots, and the losses in the root

section due to double curvature. Beloh, Fig. 308 gives the dependences of the

-fficiency of MEI velocity stages for various heights of nozzle cascades with a

welded diaphragm. It should be pointed out that with a large height, the optimum

value of the velocity ratio x is somewhat larger, especially if curves of the

relative internal efficiency 71oi are being compared.

If a stage has meridional profiling of the nozzle cascade with one-way

contraction, as shown in Fig. 147b, the efficiency of the stage increases.

The LKZ laboratory conducted comparative experiments with a HC-1B stage for

'wo variants: one of usual design and one with meridional profiling of the nozzles

-,nd the moving cascade of the first row of type K., The flow ,area of the stage

w.-s represented in Fig. 147a. Both stages 'had ganged and milled nozzles.

The results of the experiments are shown in Fig. 159. As can be seen from the

graph, In tUransonic conditions the second stage variant gave a gain of 1.2%. With

larger, supercritical -drops, this gain increased

(-this is mainly connected with the fact that

-t meridional profiling in the first place improves the

2_.i1 flow process in the slanting shear of the cascade,

47- - where, at supersonic velocities, a large part of

I losses is concentrated) to 1.6%. Inasmuch as upon
0.? 43CO

' 1. Th e n transition to meridional profiling the outlet area
Pig. 159. The efficiency
of a velocity stage, 1 oi ,  of the nozzle cascade was increased, a recalculation

~oi
for a KC-lB stage, d = should be made for an identical area F1. This recal-700 ram, 11 = 17.3 ram,

nozvles arv ganged and cul-,tion, naturally, will somewhat lower the gain,
milled (with full steam
input mnd pressure ratio reducing it to approximately 0.8 and 1.2%. It should
in stage . 0.5): 1--
usual stagv design; 2 - be indicated that when welded nozzles are employed,
st.101 with merldiona! pro-
rilint, of nozzle cascade where the influence of end losses is greater, the
and inovLng cascade of
first wheel, type Rf. application of these special measures for increasing

efficiency will give a considerably larger gain.
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Figure 160 gives a graph of the dependence of the difference in relative

internal efficiency of an MElI velocity stage (type I(C-OA, HC-lA, and HC-!B) upon

transition to merldional profiling and type H moving( )0.0 £[/- .......... cascades of the first wheel. A comparison is per-

A .foimed for full steam input at X 0.6,

42 and identical d and F,; b~ 45 mm.
________ _ ___ The influence of the technology of manufacture

for stages witn short blades is extraordinarily great.Fig. 160. Gain in economy

for velocity stage upon This is clearly illustrated by the graph in Fig.
transition to meridional
profiling and moving cas- 161. Illustrated there are the experimental curves
cades of first wheel, type
H (for welded diaphragm). of )oi for a HC-1B stage with a diameter of 705 Imm,

height of nozzle cascade 15 im, and with a welded diaphragm, according to tests

in an NZL experimental steam turbine, and for the same stage with a diameter of

700 mm, nozzle height 17.3 mm, and with ganged and milled nozzles, according to tests

in an LKZ experimental steam turbine. The LKZ

tfaJ.&-' ' -. data are recalculated here for a nozzle height

- 2 of Z= 15 mm. Although, of course, the experiments

" 5 -i conducted: in different turbines and with somewhat-2 " different experimental methods do not make it
IUD -possible to perform an exact comparison, a rough

7/ estimate can be made, however. It shows that the
0SO 0.15 V 25 o, oK!_Cf influence of the -technology and quality of

Fig. 161. Investigation of manufacture also esseitially gives a difference
HC-lB velocity stage with
full steam inpu' - . d = 700 mm: in efficiency of approximately 1.5-2% in this case.
i - stage wit, -welled dia-phragm, Li = ±5 mm (NZL
eprimes 2. = 15 go witm (The Influence of Stage Diameterexperiments); 2 - stage with

ganged and milled nozzle, 1l = The influence of the diameter of a stage should
17.3 nn (LKZ experiments);
- recalculation of KZ be considered for constant height and other

experiments for he.Lght i1 geometric parameters. The diameter influences th-

- 15 nun.
economy of a velocity stage for the followin,

reasons:

1. A change of d/ with an increase of the diameter leads to a lowering of

losses due to flare. Inamuch as the cascade heights are low in velocity stages,

the change of d/Z has a very insignificant effect.

2. A ciange of stage clearances and the overlaps. An increase of the dJameter

of' a stage correspondingly requires an increase of the clearances and overlaps whLch,
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with constant IV increases the losses. This factor is usually considered

separately, independently of diameter.

3. A decrease of diaieter brings about a greater influence of double curvature, -j

which is especially noticeable for low blade heights. This is the main cause of

the dependence of stage efficiency on diameter.

The influence of diameter on stage efficiency has been noted by many researchers.

However, it is very difficult to set i experiments with stages that differ only

by one diameter. For old cascade combinations -ie

qM/Iq~J.0 -"have a firm's curve which is shown in Fig. 162; this

*rn curve makes it posbible to estima, the influence of

diameter. The influenc- of diameter is inseparably

45 4 47 01 4.9 d.A connected with cascade height. The lower the height,

Fig. 162. Correction of the greater the influence of the diameter. This
efficiency depending on

/'diameter for an old cascadediaticr ofa vlcityade circumstance is not considered by the graph incombination of a velocity

stage intended for high- Fig. 162. Below, in § 48, where generalized curves
power turbines (firm's
dato). are given for calculation of velocity stages, a

graph is presented; this graph permits us to estimate the dependence of efficiency

on diameter at various heights for contemporary velocity stages.

The Influence of -Area Ratio

The area ratio of the cascades of a velocity stage renders an influence on the

total reaction of the stage, the reaction on the wheel, and consequently, on the

listribution of heat drops between cascades, the entrance and exit velocities, the

ositrance angles, and losses due to steam leakages. Table 13 gives the results of

an InvPst igation of four HC-iA velocity stages having the same cascades and different

ar.-" :atlo. The table characterizes the reaction on the wheels with full steam input,

and under the same conditions, x = 0.30 and s = 0.6.

Table 13. Results of Investigations of Four Stages
with Identical Cagcades and Different Area Ratio

Stage j pJ , /F , 4I, , , 1 Z0

I 2.30 '1,4A 11 0.07 0108 0.06 0.21

KCIA-2 1,52 2,39 3.40 0,03 0,08 0,05 0.16

-'KC.IA.3 1.63 - -8 3.60 0.0 0,08 0.03 0,05

_ _ _ jo.6 ,3 4.7 0.20.60210.101
( )
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As should have been expected, an increase of the opening in the moving and

rotating cascades led to a decrease of the reaction. Besides the change of the

conditions of flow in all four cascades, the increase of the flow area of the

(9 second moving cascade in stage KC-!A-3 caused a corresponding decrease of the outlet

velocity. Thus, in stage No. 3, as compared to stage No. I the relative area of

the rotor blades of the second wheel increased by 13%, and the losses with the

outlet velocity decreased by 28%. During operation of a stage with optimum u/c.

ratios, such a decrease of losses with the outlet velocity hardly affects efficiency.

However, in certain conditions it cfn be sensitive.

Investigations of the optimum characteristics of a velocity stage were

conducted at MEI by an interesting method developed by V. I. Abramov in which a

double-wheel velocity stage and its first wheel (nozzle and first moving cascade)

were tested separately. As a result of this investigation, the obtained data on

type A velocity stages, which are presented in Table 13, are the most expeuient in

model KC-iA-2. Usually the optimum area ratio is F I/F: - i.:8 to 1.56.
It

In stages with identical cascades, but with different area ratios, not only

the react.ons will be different, but also the efficiencies, the optimum conditions

(x, and e), and the stability of efficiency upon deviation of the investigated

conditions from the calculated conditions. Consequently, it is possible to affirm

that there exist optimum area ratios. Moreover, for the same cascade combination

there can be different optimum area ratios depending on the calculated conditions,

the size of the clearances, and the requirements from the point of view of variable

conditions.

For a stage with full steam input, when selecting cascades to operate stably

in a wide range of variation of velocities and entrance angles, with good stage

sealing, when the losses due to leakages are small, small deviations in the values

of optimum relative areas do not lead to a noticeable lowering In efficiency of a

velocity stage. The recommended area ratios are given in Table 12. If the

operating conditions of a velocity stage are essentially different than the

recomnend.d optimum ones, it Is possible to calculate the change of efficiency,

basing it on the method used in § i and, if necessary, the stage should be

redesnigned for thesr conditions.

For t.h, case of parti.al steam Input, the influence of the area ratio Is

cons'idered in the following chapter.
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The Influence of Clearances 2on the Performance of a Velocity Stage

In principle, the influence of clearances on the performance of z velocity

stage does not differ from that of single-wheel stages. A new and essentially --

complicated investigation and calculation is that of steam suction over the blade

shroud of the first wheel in a rotating cascade, and the steam suction,. in addition

to this cascade, in the second moving cascade.

For negative reactions, the picture of steam leakages is also complicated.

fHowover, in spite of the indicated difference, the .general conclusions

concerning the influence of clearances on the efficiency and stability of operation

of a stage remain the same:

i. Selection of closed axial clearances, Just as for a single-wheel stage,

i', produced with te cascade height,, overlap, -and other factors taken into account

(see § 22).

2,. In all cases, a decrease of the radial clearances has a favorable effect

on, the magnitude and stability of efficiency.

3. The open axial clearances should be minimum. With sealing above the

shroud, thr, open clearances should be decreased if they -can be made of one order,

of 'less than the radial shroud clearances of this cascade.

4t. An especially great influence of clearances takes place when the reaction

is high (calculated according to the absolute value of F/F1 , i.e., without taking

leakage Into account).

5. When all cascades are sealed, special attention should be given to

decreasing the clearances and steam leakages in the first wheel. The least

Influence on the economy of a velocity stage is rendered by the steam leakage over

th. shroud of the moving cascade of the second wheel. The unloading of the casing

of' a rotating cascade without special seals, which Is employed, in some designs,

can notLeably lower the efficiency of the stage.

The calculation of the change of efficiency of a double-wheel velocity stage,

depending upon the sealing and the size of the clearances, is quite difficult and

not universal. Certain data on the influence of clearances on the performance of

a double-wheel stage are presented below.

According to one firm's data, for old cascade combinations of double-wheel

stois with an average area ratio (see Table 10) the stage efficiency, depending

upon the rodial :,eal and the size of the open axial clearance, is shown in Fig. 103.

Ao; c"n bo ren 'rom ,he graph, the diffrence in the economy of the stage with on
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axial clearance of I mm and a radial seal with a clearance of 0.5 mm, and in the

case of -a stage without radial sealing rings

with an axial clearance of 2 mm, amounts to more

) than 3.5%. The influence of clearances is

- different, depending upon the conditions, i.e.,

L the velocity ratio u/c. and the pressure

.0 ratio s. For a normal velocity ratio, the

454 difference in the- efficiency of a stage with

-I sealing and without it is usually greater than

0'for low values of u/cq,.
- a? For another velocity stage, experiments

Fig. 163. Influence of radial
sealing and open axial clearance were conducted with variation of an open axial
on the efficiency of a double-
wheel velocity stage: -- clearance (no radial seals) from 0.5 to 1.65 mm
without radial sealing rings;
--- with radial shroud seals with the same velocity ratio x 0.26, and
and radial clearance I mm.

different pressure ratios, s = 0.61 and s = 0.32.

In first case, an inciease of the clearance caused

a lowering in efficiency by 1%; in the second case a 1.7% decrease. These data

once again emphasize that the influence of clearances depends on the reaction on

the wheels under the considered conditions.

Experiments were conducted in an MEI experimental turbine for studying the

influenci of a clearancc between the nozzle and moving cascade of the first wheel.

In this case there was a simultaneous change of

both the full axial clearance, and also the open
,N pe!ripheral one. The remaining clearances, both

017: - - axial and radial, remained constant. There was

6"o" - " -- no steam leakage in the root axial clearance of

- - --- the first wheel. A test was performed with an

-&. 5i, -LKZ velocity stage No. 113 with milled and ganged

- ",-- nozzles. The results of this investigation, e

= 0.6, are shown in Fig. 164 and 165. With a
0f; 0. 020 4.35 0 025 0 a0/r, change of the full axial clearance (the clearance

Flig. 164. Influence of the between the trailing edges of the nozzle blades
full axial clearance of the
first wheel of a velocity and the trailing edges of the first moving cascade)
stage with full steam input
on efficiency joi (d = 0.653 m, from 3.0 to 6.0 mm, the stage efficiency essentially

Z1 
" J5 ni, s : 0.6 MEI experi-

m;nts): - - --- O-- wit* ra- changes. Since the minimum size of the open

dial sealing rings; - A - A - A
- wi thou t, r.1,nll sealing rings.
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peripheral clearance, 0.6 mm, is commensurable with the size of the radial clearances,

an increase of the axial clearance caused additional steam leakage, which may be

noted during the analysis of curves of the relative flow rate (Fig. 165). Therefore, ()

the first increase of the clearance led to a

415. 42 0.S3 VS 43 q V/ noticeable lowering of economy (when x

• 0.28, the stage efficiency dropped by

____ : 1.9%), and a decrease of the reaction due to

.- 4.4 A the large leakage, which means an increase

----. I I of the flow rate; a further increase of the

.u.¢ axial clearance, when the open clearance was
Fig. 165. Influence of the full

axial clearance of the first a little larger the radial one and practically
wheel of a stage on the relative
steam flow rate (mn experiments). did not affect leakage, the reaction did not

change, and consequently, the steam flow rate also remained the same. The change

of efficiency, with the same increase of the clearance by 1.5 m, amounts to

0.6%, which is connected with the additional mixing of flow behind the nozzles,

and also with the greater influence of the overlap.
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CHAPTER VI

STAGES WITH PARTIAL INPUT AND SUPERSONIC STAGES

§ 28. THE INFLUENCE OF PARTIAL INPUT ON THE PERFOR.MANCE OF A
SINGLE-WHEEL STAGE

In steam. turbines, and sometimes also in low-power gas turbines, there are

stages with such small cross sections that it is impossible to avoid partial input.

The regulating stages of steam turbines are always constructed with partial steam

input.

The introduction of partial admission to a considerable extent disturbs the

above-considered procedure for the calculation and design of stages. Problems

arise in the selection of the area ratio of nozzle and moving cascades. This area

ratio, F2/F1 , under given conditions, determines such an important stage characteristic

as the degree of reaction. F2/F1 is usually calculated as for full input:

F, = du11sin (150)
F7- dll sinal'

i.e., assuming that in the moving cascade the steam passes along the same arc as in

nozzle cascade. However, calculation and experiments point out the increase of the

arc of the moving cascade, e2, as compared to the input arc in the nozzle cascade, e1 :

e, > e1.

Therefore, the calculation of a stage with partial input must include a conditional

quantity

(F:)e dill sin , (i5i)
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However, when determining the reaction of a stage, it is insufficient to use

this quantity (Fa/FI)e; it is necessary to also consider the increase of leakages-

which is inevitable with partial input, and consequently, also the decrease of the

absolute value of the reaction.

Thus, when selecting the cascade dimensions of a stage with partial input, the

ratio F./ F should be used; this is the ratio recommended in Chapter IV. It Is

also necessary to substitute the values of (F2/Fi)e.

The ratio e 2 /e, can be found by the following, rough estimating, formula:

=+ ±01. (152)

Taking into account the increase of leakages in a-partial stage, the calculated

reaction of the stage, which is calculated with respect to (F2/F1)e without taking

into account all leakages, should be ,selected on the mid-diameter: approximately,

PP " 3-8%. A higher value of the calculated Pop will lead to a noticeable

increase of leakage, and thereby to a lowering of economy; a lower value of p

may cause steam suction, and thereby cause a further decrease in efficiency. The

selection of the calculated value of p depends on the stage's design. For an

intermediate stage, where there almost always takes place suction in the moving

cascade through the root clearance, a smaller value of ocp (and consequently, p. )

should be selected than for a regulating stage, where through this same clearance

there occurs steam leakage.

When there are large full axial clearances, it is necessary to select smaller

reactions, since an increase of p with partial steam input increases the leakage.

It should be emphasized that for a stage with partial steam input, the

selection of the area ratio, and consequently also the determinazion of the calculated

reaction, has a larger value than for a stage with full input. This has been

confirmed by many experimenters. Furthermore, F2/F, must be selected with the change

of the reaction and the efficiency in the whole range of operating conditions

taken Into account.

The second problem that arises with partial input is the determination of the

stago's economy. Upon transition from full to partial steam input, the following

additional losses appear:

a) windage losses, i.e., due to pumping of unused steam from one chamber into

another;*

XRoferoncc [18] proposes that this loss occurs due to increased friction of the
"rough" edges of the end surfaces of the rotor blades.
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b) run-outs (end) connected with the so-called run-out of stagnant steam

(possessing low kinetic energy) from the extreme channels of a moving cascade.

c) connected with a noticeable increase of .parasitic steam leakages in a partial

) stage; additional steam leakage occurs through the meridional clearances between

cascades; a-.Larite role is performed in these losses by steam suction through this

clearance into the extreme channel of a moving cascade, which-essentially lowers

effectiveness of the flow in this channel;

d) due to wash-out af the stream proceeding from a nozzle cascade with partial

steam input, and because of additional leakages, the reaction of the stage noticeably

drops; in this case, naturally, the effectiveness of the stage also changes; a

change of the Stage's reaction itself can lead to a change of efficiency;

e-) in the st3am flow proceeding from the extreme channels of a nozzle cascade,

independently of run-out and leakages, it is less effective than the steam flow

proceeding from.the middle channels;

f) with partial input, the stage's reactionalong the input arc will be

different, which lowers the economy of the stage.

This by far is not a full list of the chanCes occurring in the process of

steam flow in a stage with the introduction of partial input.

It is obvious that the classification of

/// all the above-mentioned losses is practically

ME impossible not only because it requires

4l ag 0 1.-

. _ 0

a- I

0 01 L/d, 0 0.1 L/d,,

I'C f'i Fig. 167. The determination of windage
Fig. 166. Stage designs (for losses and the coefficient CO (case a - a
determining windage losses), was investigated for = 0.02).

complicated, detailed and tedious experimenting on static and revolving installations,

but also because the above-mentioned factors are interconnected.
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First we shall discuss a simpler case, when all nozzle channels are united into

one group. For computing the losses in this case, the majority of researchers

limit themselves to the first component of these losses, i.e., the so-called 9
windage losses. This method is tempting since it permits us quite easily to conduct

investigations with rotation of disk blading. However, as confirmed by experiments,

windage losses do not exhaust all the losses appearing in the transition from

full to partial input. Inasmuch as a knowledge ,of purely windage losses is necessary

for finding ways of increasing the economy of a stage, and also for the calculation

of the astern stages of marine machinery, we shall consider these experiments.

They were most fully conducted at the Institute of Thermal Turbomachines in

ZUrich by P. Suter and W. Traupel [156]. On the basis of k large series of care-

fully planned experiments, they propose the following formula:

(153)

where

C =C, \Reif! (14

wher Reu d cp UOP,
where Re u cPV and C0 is determined depending upon the design and geometri)

characteristics of the stagewhich are shown in Fig. 166:

C0 is represented in Fig. 167.

For shrouded blading (design a -a, Fig. 166), when the influence of the

clearance s is great, the coefficient C0 is found by the following formulas:

for normal rotation of rotor

c. 0(oo7 k,k,); (155)

for reverse rotation of rotor

(156)

w hcre

-(s/I)
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is determined by Fig. 168a, and'

ki. ° -( -)

is found according to Fig. 168b.

O~IKF
0, 1V 9 -: Ir 41 " 1e

Fig. 168. The determination of windage losses:-
a) coefficient ks; b) coefficierit k 1: I -

normal rotation of rotor; 2 - reverse rotation:
-- unimpeded, - - - impeded flow.,

As can be seen from Fig. 167, the influence of-the geometric factors (design

dimensions) on windage losses is extraordinarily great: the coefficient C0 changes

from 0.1± to 0.023, i.e-, almost by 5 times. Usually the reference literature for

an unprotected wheel (f - f in -Fig. 166) assumes that this loss does not depend

on dimensions, and it is considered that designs a - f and o - f must have the same

magnitude of losses. In the design with a casing (shape a - a) the losses decrease

twice.

According to NZL, for the usual design of a stage, C = 0.0385; this value of

coefficient C, as compared to the experiments of Suter and Traupel, decreases the

windage loss by three times.

The experiments of I. K. Terent'yev (TsKTI) [94], for the case of a - f, in

Fig. 166, give c 0.o1ii (1 + 20s/dcp ), i.e., for s/dp = 0.005 to 0.0115, the

coefficient CO = 0.016 to 0.027, which is a few times less than in Fig. 167. For

the case f - f the values of the windage losses according to formula (153) and

Fig. 167 give a close coincidencewithtle experiments of Stodola [it71 and Buckinghau

[i56J.

Figure 169 [1561 shows a conditional diagram of the flow of gas in freely

revolving blading. Some of the gas accomplishes circular flow in the meridional

i lann, noL passing through the whole cascade channel (arrow Ri), and the remaining part

(arrow F) passing; through the cascade.
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The second important component of losses for the

case partial input ie the so-called ru.-out, which totally

I, The magnitude of this loss can be found experimental by

N. ..< an experimental turbine with the same degree of partial

* .- admission, only changing the number of input arc sectors.

Fig. 169. Structure Such experiments were performed by the GE, Asher-Wiess,
of gas flow with
freely revolving blad- and Bkoda firms, and at MI, BITM,, LKZ, and NZL.
ing.

Let us consider some of the formulas recommended

for computing these losses:*

GE formula [117]

0:, , , , . 11~ - v -j % , (1 5 7 )

NZL formula [48]

- .42 -l -- (158)' 4. " - -" :Ft,

BITM-NZL formula [4815

0.0137 (159)

TsKTI formula [94]

033 -  (160)

Olson's formula [156]

0.2i . (161)

The TsKTI formula was obtained from turbine experiments with the subtraction

of windage losses which, as noted above, are too low; the BITM-NZL formula has a

nonphysical structure. The most logical one is the GE formula; however, the

numerical coefficient in it, as many experiments indicate, is too low. This

coefficient should depend on the stage's reaction, the clearance between cascades,

and also on the partial admission of one sector. There still are no experimental

data, however, which would make it possible to give the numerical dependence of this

coefficient on the mentioned factors. Therefore, it is necessary to limit ourselves

to a rougher estimate of this coefficient. Using experiments of MEI (36], LKZ, and

'NZL uses formulas (158) and (159) for selecting the optimum characteristics of
a stage, and the stage's efficiency is determined directly on the basis of the
results of' experiments,
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Asher-Wiess [96], it is possible to recommend the following formula

40., ,. 0 .25 ,.(162)

Finally, the third problem is the selection of the optimum dimensions of a

partial stage. For a given volume admission and the basic performance parameters

(x and e) it is possible to modify the stage's dimensions, in the first place by

changing the cascade height and the degree of partial admission.

It is then possible to select the stage dimengions which will ensure the

highest efficiency.. This selection is the subject of § 30.

We shall consider the results of an experimental investigation of a single-wheel

stage with partial input.

Figure 170 shows the dependence of the efficiency of a stagp of an experimental

air-driven turbine with full air input (e- i) and with partial input (e = 0.76;

0.5; 0.26) according to the experiments of N. M.

IMarkov (TsKTI).

08 -" Experiments with partial input were
Ap8 conducted at MEI in an experimental steam turbine

0.76---- -- I
P./ at various cascade heights, including Very low

, 45 heights, where the question concerning the

46. economy of a artial stage and the selection of

46 I _ optimum dimensions is especially critical.

V_ Figure 171 gives a graph of the full relative
426 43 02* 442 446 V o 9 . 0 internal efficiency of a H-2-2AR stage with TC-2A

Fig. 170. Dependence of stage

efficiency on x and e for and TP-2AH acades at 1. = 25 mm. Experiments

one input arc; d = 600 mr, 1. were conducted with the pressure ratio e = p
-20 mm, I = 23 mm, C-1 and

Sp= 0.7-0.85 in the stage with full and partialT-1 profiles with shroud seals

(two strips), 6 = 0.6 mm, Mc - steam input.

oc 0.75, lc 8.105 (TsKTI Of interest in these e~r riments is the

experiments), considerable decrease of economy upon transition

to e = 0.9, when the influence of natural

windage is small. Stage tests were conducted with the inactive nozzle arc shut off

Vrom the stoam input side. The stage had a plant technology of manufacture that

was somewhat poorer than in permanent machines; its diaphragm was welded. With

full steam input, leakage can occur only over the blade shroud, where two strips are

mounted for sealing with a decrease of 62 f 0.8 mm.

Analogous stage tests were conducted at heights of 6, 10, 15, 20, 25'and 18 imm.
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The character of the dependence of efficiency

4.on xb and e remains approximately identical.

Figure 171 gives curves of the dependence

of efficiency for stages KR-2-2-Aux (with

175 - one-sided-meridional profioing) on xh and

lid It should be noted that a comparison

-'I' 4-- of the economy of partial stages with the

usual cylindrical contour and special

meridional profiling showed that the relative

./ a -losses upon transition to partial input

1 o!:7S ?f practically do not depend on the meridional

* - -i-475' shape of the nozzle cascade.
As noted earlier [126, 157], the transi-

__ "- 7 tion to partial input and a further decrease

0 .? 3 l of the degree of partial admission lead to

Fig. 171. Dependence of effi-
ciency on x and e for one a decrease of the optimum velocity ratfo

inpu stage (E experiments), d 400 x. Thus, according to Fig. 170 with

z 1 25 Dun, 12 = 28 mm, a. full input, XOrT = 0.54, and when

12 '0 ,- stage 22A, e = 0.26 it decreases to XlOnT = 0.43.
=Taking into account the large disk frictionp2.r-,. = 1.41, s=0.7.

loss upon transition to a smaller area

F1, i.e., t;o a smaller e, this lowering of xOT will be even more considerable.

The change of the reaction,

PCO -- depending upon u/ct and e for a partial

stage, is governed by the same laws as

0.08 ifor full input. The dependence of the

--------- I-I - mean reaction, i.e., the reaction in a

mean portion of the input arc (with

0- 0 _l •U/00 averaging of the reaction on the

- I ' I periphery and at the root) on xp for
Fig. 172. Change of mean reaction of e = 0.515 and e = 1, is shown in Fig.
stage, Pep on u/cb at full, e = 1,

and partial, e = 0.515, steam input 172.
(MEl experiments). With the decrease of the partial

admission of a stage, its reaction drops.
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This is explained by wash-out of the stream at the nozzle cascade exit and the

large amount of leakage. Figure 173 shows the dependence of the mean reaction on

the degree of partial admission for

U various stages which differ by cascade

1- .. -.. -height and meridional profiling of

nozzle cascade. The test stages had.

.%Solseals above the blade shroud with two

strips and a radial clearance of

62 = 0.8 mm. The higher the cascade
V2 V 411 45 R1 47 0, a

height, the less the influence of the
Fig. 173. Influence of partial steam in-
put on mean -reaction of-iA-?-2A stage, d =above-noted factors, and as the input= 400 mm, with various heights: 11 = 25,

15, and 10 mm; u/c, = 0.4; E = 0.75 arc decreases, the curve of the
(NEI experiments). reaction drop will be more sloping.

Attempts to use the formulas recommended in the reference literature for

computing losses upon transition from full to partial input were not successful.

In an overwhelming majority of cases, especially at low blade heights, the actual

losses are considerably larger than according to the formulas of Stodola, TsKTI,

the Zurich School, and others.

A semi-empirical formula [104] is proposed below for computing the losses

with partial input (one arc) without protection. In-order to avoid confusion, this

formula does not consider such factors as thr ratio of cascade areas, the pressure

ratio, axial clearance, stage sealing, suction (or leakage) through the root clearance,

and others. Therefore, the formula cannot be universal and exact. However, even

in such a form, it gives satisfactory coincidence of the calculated data with experi-

ments at e > 0.25. A smaller degree of partial admission was weakly investigated,

and the value of the geometric stage characteristics, which were indicated above

and not considered by the formula, was extremely great for it.

It is assumed that the ratio of cascade areas, and consequently, also the

reaction of the stage for the given conditions (e, u/cq), s) are selected as

optimum and the clearances are small. In another case the losses, which are

calculated by the recommended formula, will be too low:

S(O.3xo X2 - ))a

where d J,:; gLven in meters.
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Figure 174 gives the results of NEI experiments with six stages with different

cascade heights. Here for x - 0.4, a graphic dependence of )/o

is shown. The graph indicates the large scatter

of experimental points, which confirms the influence

".-K-2. *Sw of many factors on stage economy with partial input.

C -- 2-. -AX 2m However, even with this scatter of points, formulaa -'KB -2 -2AK. tfm

0.2. - *-KD-2-2Mr

415 - , -. ... experimental data than the other known formulas

.4 that are based on computing losses of pure windage.

405 An investigation of the influence of the

number of input arcs of feed, i (to be more exact,.

* I 03 2 ;f5? 25L
pairs of ends, since nozzle arcs can be located

Fig. 174. Dependence of
losses with partial input, close to one another), was conducted at BITM, EI,

on the degree of partial
admission w ith one input arc, LKZ, Asher-Wiess, and others.

d =4'00 mm; s = 0.75-0.85; According to the experiments of I. G. Gogolev
u/cfic = 0.4 (MEI experi-

meats). [5], the change of the highest efficiency for a

stage with e = 0.5, depending upon i, is shown in

Fig. 175. Here, the results of the Asher-Wiess experiments are given [96].

The experiments of the Asher-Wiess firm, just

-. -',- "as the experiments of Olson, MI., and GE, confirm- 1 ,

S... .... the linear dependence of losses on the number of

: vr '-J iz. a small air-driven turbine with characteristics of

qos 7 ] flow and dimensions that are not encountered in the

" -- - 1 partial stages of steam turbines (M'c = 0.15, Reci=

0 I I .050 Zi 51 mm). Therefore -.he use ofI 1 5 7 Y It 1 15

Fig. 175. Influence of the them for the calculation of turbine stages is

number of input arcs, i, on
the eoonomy of a partial difficult. However, even with these tests at a small
stage wlth e = 0.5 (expert-
ments of ,XTM and Asher- number of' i, it is possible to take the losses to

be proportional to the number of input arcs.

Numerous txpcrimcnts confirm the approximate proportionality of the losses that

appear upon transition to I > I from x . Therefore, as the numrber of input arcs

increosr, (pairs of endn), the additional losses will be taken by the following

f'ormula
bi

0.25 7! xol"(- i)U16
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Decrease of Losses with Partial Input

For decreasing !esses 14ith partial input, the following measures should be

applied:

U 1) Selection of an area ratio which, taking expansion into account, would give

a minimum positive reaction. It should -be considered that the .1lection of F.F I

depends on the stage's xr and s.

2) Decrease of the full axial clearance. For a partial stage, in distinction

from a stage with full .nput (see § 24), practically the most advantageous

clearance size is its minmum, constructively possible, magnitude.

However, the reliability of stage operation also should not be forgotten. A

decrease of the full axial clearance lowers he vibration reliability of the

blades, which is especially important when partial input is employed.

3) Decrease of open clearances arnd, irstallation of radial shroud seals.

For partial stages, however, the influence of this sealing is somewhat less than for

a stage with full input. This peculiarity is explained by the fact that in a

partial stage a considerable part of th3 parasitic leakages passes through the

meridional clearances.

4) With steam input to the regulating stage, the adjacent nozzle arcs should

be as close as possible. If' the nozzle box is common, this condition usually is

observed. For certain nozzle boxes which, in particular, are applied in turbines

with high parameters, the clearance between adjacent boxes should be the minimum

necessary for heat expansion.

5) For decreasing the windage component of losses, a housing should be installed.

With Fig. 167 one can determine the increase of stage economy by means of installing

this housing. The gain in efficiency, o is calculated by the following fonnula

3 (165)

Ifere a is the part of the contour occupied by the housing; the coefficients

C and C2 are found on the graph of Fig. 167 for a stage without a housing and with

a housing, respectively.

With the installation of a housing behind the moving cascade, the site of the

housing and Its size must be determined with the movement of the steam flow around

t1he eircumference and the wash-out taken into account. This calculation is

performed with known values of angles, blade width, and clearances, and for a
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specific xq ratio. It should be borne in mind that with a change of the conditions,

i.e., a change of xd,, the optimum site of the housing also changes. Therefore

the housing, whose site was determined only for one condition, with a change of the 0

conditions, can shut off the flow proceeding fron the rotor blades, and thereby

will even lower the efficiency of the stage.

In the direction of rotation, the edge of the housing-should be no closer than

the edge of the extreme nozzle by the quantity

= 1 2 (64 cg a, + 1.05bx#). (166)

Here 6 is the full axial clearance; b is the width of- a rotor blade.

On the other side of the nozzle segment, the housing should be placed so that

it may rotate, but no more than by the quantity

s,=0,6 (. ctg. +u - ,05Ip- 6,ctg Ps). (167)

Here 6 is the axial clearance between the moving cascade and the housing

(Fig. 176).

6) It is necessary to seal the casing of the rotating cascade, where, sometimes

for decreasing the axial stress, relief holes are made.

7) For decreasing the losses connected with the

irregularity along the input arc, it is logical to

decrease this irregularity, whereupon the reaction

in the extreme channels at the exit of the nozzle

-- H... segment is increased somewhat. This apparently,

Fig. 176. Location of pro- may be attained by a certain increase of the angle
tective housing in partial
stage. ai in one or two extreme channels.

§ 29. PERFORMANCE OF A DOUBLE-WHEEL VELOCITY STAGE WITH PARTIAL INPUT

There is no fundamental distinction in the performance of a partial velocity

stage and a single-wheel stage. If it is a question of purely windage losses, then,

according to experiments of the Zurich School, these losses are increased by F2

times as compared to the date obtained for single-wheel stages which was given in

the preceding paragraph.

Double-wheel 3tages with partial steam input were investigated by very many

individuals. The investigation of double-wheel stages developed at MEI was

especially detailed; these stages were tested in MEI, NZL, and LKZ experimental

turbines [32, 34, 36, 53, 74, 78]. Let us present some of these results. Thus,
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• Fig. 177 show* the depe-ndence of the efficiency the

, e-: I M~l stage {C-!A-5, with a different degree of partial

,,-,,e- 171 Jadmission, e (MEI experiments). Figure 178 gives a

0 "graph of the measured efficiency of the MEI stage

-C-1B, according to the experiments of Yu. Ya.

- . --.-!.Knchuriner (NZL). This figure gives the curves of

efficiency for various pressure ratios p2/PO from

" 0.70 to 0.35, i.e., both in the subcritical, and

17115 7:; 0.33 L,,', also in the supercritical zone.

Fig. 177. Dependence of As also in the case of a single-wheel stage,
the efficiency of an l.I
velocity stage KC-IA-5 on velocity stages have a characteristic lowering of
u/ccD and the degree of

partial admission e (one the optimum velocity ratio, xpOnT, with a decrease
input arc), d = 668 mm,

= 25 mm: F/F1 = of partial admis1-.n. This may be seen from Fig. 178.

1:1.53:2.23:3.38, e Thus, in the investigated stage the transition from
0.5, welded diaphragm

(ME! experiments): e = I to e = 0.264 decreases x from 0.305 to
oi measured relative in-

ternal efficiency of stage, 0.26, i.e., for the same diameter the optimum heat
considering all losses;I drop of the stage was increased by 40%. Upon

i %I = I oi + CTp"
-+transition to partial input and x. ratios which

exceed the optimum values, there occurs a large lowering of economy. If at Xjo

the efficiency qoi decreases by Au/l =

S I I I 1 =17%, then at x) = 0.35 this decrease

7 of efficiency already amounts to 30%.

These figures once again emphasize how

1 I,. important, especially in conditions of

_____I [partial input, it is to correctly to

, select x taking into account both

1.5 Y Fig. 178. Dependence
I ,~the calculated, so also varying operating

of efficiency, oi =

- -,50 J = qo + of an MEI conditions of the tuvbine.
velocity stage IC-1B For a velocity stage, to a larger

on u/c and the pressure ratio, s,

for different degree of' partial ad- extent 'than for a single-wheel stage,
mission, , (one input are), d = 709 Mm,
11 = 15 rm, I./F, = 1:1.511:2.48:3.64, the selection of the area ratto, and
welded dlaphragm; curves: I and 4 - = consequently, the reaction of the Gta,,

0.7; 2 and 5 - F = 0.55; 3- e 0.60;
6 - 0.35 (Nzr experiments), is of importance. This is illustrated

-The N/L experiments with old combinations of velocity stages (see Chapter V),
the experiments of' V. D. Pshenichnyy (LKZ) with various stages,. and the MEI experi-
ments with the GE combination No. 113 were (FOOTNOTE CONT'D O FOLLOWING PAGE]
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by the following examples.

The same exper.'mental MEI turbine was employed for testing two MEI stages,

HC-1.-2 and {C-IA-4. These stages has identical cascades, diameter, and height of -)

nozzle cascade. The system of clearances and seals, Just as the technology of

their manufacture, was also approximately identical (welded diaphragm), The main

difference in the stages consisted in the area ratios:

-Fi,.'F, ¥,!F Fj, Fs

KC.IA-2 1.52 2.39 3.40
KC-IA-4 1.3i 2.73 4.17

As can be seen from the graph in Fig. 179, the smaller (more optimum under

the given circumstances) area ratios, and consequently, the larger reaction of the

.C-1A-2 stage, led to smaller losses

"} -? ,..- .with partial steam input. This is
0 1" e ,,'explained by the fact that due to

S.. .. C ; • - wash-out during partial input to the

- i{ C-IA-2 stage, the reaction was

" -I 1 moderate, while in the XC-iA-4, when

-_ _ _s = 0.5, the reaction became very
:V 0,5 0.30 u,'c 0

Fig. 179. Dependence of losses on partial small, and on the first wheel it was
steam input for HC-iA-2 and KC-IA-4 stages
with different area ratio, according to even negative, which led to considerable
MEI experiments, with e = 0.5 (one input losses due to suction and losses along
arc), s = 0.6, d = 534 mm, 7i  20 mm.

the edges of the input arc.

However, a very large calculated reaction even in a well sealed step will cause

large losses due to steam leakages and because of the essential irregularity p

along the input arc.

It should be noted that many organizations, in attempting to increase the

economy of a stage, select area ratios at which there appear large reactions around

the wheels; as a result of this, the efficiency with full input increases somewhat

(under the condition of good sealing, which is not always obtainable in operating

conditions), and upon transition to partial input, qoi is essentially lowered.

Thus, in the comparison of the MEI stage H-lB and the NZL stage, which have

approximately identical geometric dimensions, the experiments of Yu. Ya. Kachuriner

[FOOTNOTE CONT'D FROM PRECEDING PAGE]

conducted with a much better technology of maufacture, i.e., milled nozzles [31k, 52,
78]. Therefore, the comparison of old and new velocity stages, which is partially
performed without taking into account the technology and quality of manufacture, is
inadmissible.
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[531 showed that with full steam input the NZL stage's efficiency is 0.5% higher

than that of the MEI stage. This is explained by the considerably better technology

of manufacture of the NZL stage (milled nozzles as compAred to the I*.I welded

diaphragm) and the raised reaction. However, with a partial admission of e = 3.15,

which typical for small turbines, the additional losses (at x = 0.2) in the KC-IB

stage amounted to 5.4%, and in the NZL stage they were 6.9%, which is explained

by the nonoptimum selection of areas of the NZL stage and the more effective

(aerodynamically developed) cascades.of the VEI HC-iB stage.

Of large value for the analysis of a velocity stage's performance is the

reaction, and for a double-wheel stage, the reaction on the wheels. It .,3 interesting

to note (this is confirmed theoretically) that in a velocity stage the reaction in

the second wheel practically does not change depending upon xd both with full,

and also with partial input.

Figure 180 presents a graph of the dependence of the reaction on the wheels

for a KC-iA-5 stage with full (e 1) and partial steam input (e = 0.51).

For the second wheel, upon transition
Sfrom x 0.22 to xq, = 0.36 -when e=

= 1, the reaction increases from p =

- 2% to pII = 3%, and it increases just

as insignificantly when e = 0.51, where

" 0 and 1%, respectively.

"405. .The change of the reaction is small
0.20 0,25 0.30 0.35 u/C.

Fig. 180. Dependence or the reaction also in the rotating (guide) cascade.
on the wheels of a C-1A-5 velocity However, in the first wheel the influence
stage on the degree of partial ad-
mission, e (MEI expei'lents), for of partial admission on the dependence
s = 0.5, d = 688 mm, 1 = 20 mm,

D"/F1 = 1:1.53:2.23:3.38 (one input of the reaction on x is very noticeable

arc): p I - reaction in moving cas- and decisive for the performance of the

cade of first wheel; p - reaction in
rotating 'ascade; p - reaction in entire stage. This is well illustrated

moving cascade of second wheel. in Fig. 180.

The influence of F = p2/po, i.e.,

the influence of compressibility on the

reaction of a partial stage, is the same as with full input. As s decreases, the

reaction Increases. For instance, for the I{C-iA-4 when (x = 0.25), upon transi-

tion from e = 0.6 to e = 0.5, the total mean reaction of the stage was increased

by 0.035 for full steam input, and by 0.025 for partial input (e 0.5). The
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dependence of the reaction on xp , including the total reaction of the stage,

remains linear in rather wide limits of Variation of xp . However, the slope of

the straight line is determined by the partial admission. for a given stage: the (
smaller e is, the less the influence of x This is explained by the large

influence of wash-out of the flow proceeding from the cascade, and the leakages.

Figure 181, for aHC-IA-5 stage, presents a graph of XP, = f(x$, e). It is

distinctly clear from it that with the decrease of partial admission, the reactien"

- decreases. Thus, when e = 1, a change

ofx q from 0.24 to 0.37 leads to an

. increase of the reaction from 6 to 24%,

and when e = 0.264, from 2 to 10%,

, fr correspondingly.

* '~''It should be noted (and-this may

l ... .'. .be seen in Fig. 180) that for small

____ _ x the reaction with partial input,

I L .' ... ' .j" I 0,, 1 c an b e h ig he r t h an t h at w ith fu l l

Fig. 18±. Total mean reaction Zp of a input. Th's is explained by the fact
C-iA-5 velocity stage, depending upon

x and partial admission e, with one that the considerable influence of

input arc and s = 0.6 (MEI experiments), leakage in a partial stage leads to a

decrease of the absolute value of p. Generally, in a partial stage, in distinction

from a stage with full input, an extreme negative reaction is impossible.

It is absolutely obvious that the formula for calculating the losses upon

transition from full to partial input for a singl:e-wheel stage and a velocity stage

should be identical in structure. This formula has other numerical coefficients:

0,3X # (168)

A comparison of the calculation performed by this formula, with the results

of different experiments, is presented in Fig. 182. In connection with the larger

(than for a single-wheel stage) influence of the area ratio on economy, a large

scatter of the experimental points is observed here. As also in the case of a

single-wheel. stage, formula (168) is useful only for stages in which the area

ratio is correctly selocted for the given cohdirions (e, u/cq, 8).

Experiments for determining the influence of the number of input arcs (pairs of

ends), i, on the economy of a double-wheel velocity stage, were conducted at MEI,

LKZ, and several other organizations. These experiments showed that the qualitative

(.26
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picture of the dependence of qoi = f(i) is the same as for a single-wheel stage

(Fig. 183). The increase losses upon transition to a larger number of input arcs

is calculated by a formula which is analogous to (164)

ra-0.25 - 1. V~ti- (169)

Here Zb1 is the sun of the products of the chord divided by the height of

three. cascades: first moving, rotating, and second moving.

0.17 / --gf -'-'

sur '1 42v 17 11 17 e..5(4 arc) 1

: m !. ,U ,u s - -- . -QJ6 I-a(4 arcs)

ZIII, .' -j --- .. =..:L 455 I-------a

i07~ 7V 41JW±O 1 01 415 0Z 20.2 W .3 0.35 LV '

I__ Fig. 183. Dependence of- -[-relative inenlefficiency
O -- ---- of a HC-1A-4 vplocity st-age

~on the number 6f input arcs

S- -- with a partial admission of..4_07 . .. e =0.5; d = 534 mam; 11=

CO= 20 mm; s = 0.6.

.... . For determining the dimensions of

-_ _ the nozzle cascade, it is necessary to

,__ . know the flow rate characteristic of the

a O 1.0 0 2.0 2.45 J0I.e stage. The steam flow rate, if it is not

Fig. 1.82. Losses due to partial critical, for constant initial parameters

input, Ce, depending upon the and constant counterpressure, depends on
degree of partial admission,
according to experiments and cal- the characteristic of u/c. This
culations.

dependence is determined by the quantity

= P2/Po and the total reaction of tho'

stage. The same thing may also be said

about the partial stage. However, Q'.h

dependence of Zp = f(x ,, -) in this case will be other than that for full lnpult,

Since, as a rule, the reaction with partial input decreases at large x(, a4i

somewhat increases at small x (Fig. 181), the relative flow rate in a stage with

partial input at identical pressure ratios will be equal to the flow rate with full

input (with critical flow from the nozzles), or larger at larger x a and smaller
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at smaller x . On the whole, the character of the graphs becomes more slopingi

since the dependence of Zp = f(x ) will also be more sloping.

The methods of decreasing losses due to partial input for velocity stages are -

the same Fs for single-whecl stages. In particular, one of the methods of increasing

economy is the installation of protective housings. The protective housings should

be mounted before the moving cascade of the first wheels behind the entire stage,

and instead of the rotating blades. The location and dimensions of the protective

housings should be selected with the movement of the steam flow around the

circumference and the wash-out taken into account.

The size and place of location of the protective housing must be determined

with varying operating conditions of the stage taken into account, for which it is

possible to use formulas that are analogous to (165) and (167).

§ 30. OPTIMUM CHARACTERISTICS OF A PARTIAL STAGE

When designing a stage with partial input and, in general, a stage with a low

cascade height, it is necessary to make a rational selection of the optimum

dimensions. Actually, a decrease of the partial admission and, all the more so, a

transition from full to partial input, on the one hand, brings about an increase

of losbes e; on the other hand, high cascade heights lead to a lowering of ende .
losses, and consequently, to an increase of the relative blade efficiency ro " It

is obvious that for each specific case there can be found optimum stage dimensions

,t which the full relative internal efficiency 7)oi will be maximum. Selection of

the optimum dimensions of a partial stage was studied many researchers. Usually
the solution of' this problem is performed with the help of variant calculations. !

An exampl,! of such a calculation is given in the textbook by A. V. Shcheglyayev. f j
This procedrure Is inconvenient due to its tediousness and the impossibility of

maing a quick estimate of the influence of various factors. Attempts at the

araalytic calculation of the most advantageous dimensions of a partial stage were

maI, in the NZL method [48] and in the work of Czech scientists [130]. For

dorivaftion:; of' dependences which make it possible to find tbi. optimum dimensions

of a stage, we shall usv the above-mernitoned experimental material.

Wc shi]l also considor the featurns of meridional profiling of the nozzle

cascade, which Is now bring employed evejrywhere in stages with low blt, s heights,

i.e., almool in -ill stages with partial input. 1urthermore, for velocity starc

l" thcSo M,-,thOds ore ori,,nVd on old c:r;seade c'mnbin ations which ave presently bing

-.1 i by Iw otagen.



The efficiency of the stage is found in the form of

0 "~~~ "" , X--: 'S (170)

(9 Here 1ioi is the full relative internal efficiency of the stage without consi-

dering only the losses due to leakage through the diaphragm seals. The influence

of these losses on the perfc -.ance of a partial stage almost has not been investi-

gated, and for a determinat'lon of the optimum characteristics of a stage it is

doubtful whether it can be essential. q is the efficiency of a stage with

full input, after subtracting the losses due to disk friction and shrouds. For

stages with the usual nozzle cascade (welded diaphragm), generalized charazteristics

of MEI _tages (see Chapter IX) are mainly used; of the many factors that determine

the quantity 7 0i' the main ones remain here

i ,li f Ot. X0,. (0-

It is assumed that the optimum area ratios and other geometric parameters have

been selected. Here and sbsequently, we shall not consider the influence of the M

number, which is necessary for simplification of the calculations. As usual,

single-wheel stages are calculated for operation in 8; zone of subcritical flow,

while double-wheel stages operate in a wider range, up to low supersonic velocities.

For stage with one-sided meridional profiling of the nozzle cascade, the results

presented In Chapters IV and V are used.

Losses Ce are calculated by formulas (163) and (168), and losses Ci, by

formulas (!64) and (!69). If a protective housing is installed, the efficiency

of the stage is increased by the quantity CHOW which is determined by formula

(165). It was assumed here that the housing occupies a portion which is free from

the steam input of the arc, i.e., e HO)M 0.8 - e. In order to make the formulas and

graphs morc universal, the terms depending on the Reynolds number, the clearanc. ,

and the ratio d/1 are assumed to be constant. As will be shown later, this does

not introduce a considerable error Into the final calculation:

2 o.2.'-, (e7.)@ "-3 sin a, e

where C depends on the type of housing.

The losses due to disk friction and blade shrouds, rTp' are determined by th-c

formulas in § 1.2. Here also for simplicity, the Re number and the clearancer are

assumed to be constant.

After a number of transformations, the efficiency q., turns out to be a

function of three main parameters, ei, e, and x,, and a number of secondary

2
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parameters, d, 01 , 1, e,o, b, and bo . After differentiating this function, we

find that the maximum efficiencY~om~ s attained at the optimum degkee of partial

admission, eOHT , which is calculated by the following formula 0
e*Mk)el (172)

where -7 is given in millimeters.

Here the coefficient k depends mainly on the type or ztage and the velocity

ratio xp, and also on the above-mentioned secondary geometric parameters.

The curves labeled I in Fig. 184 represent the graphic dependence of k = f(xq))

for a single-wheel stage fixed values of the remaining parameters [2]. As follows

from the graph, in the real range of

variation of x,, the coefficient k

s -- for a usual stage changes approximately

one and a half times from 0.16 when

xP = 0.30 to 0.25 when x 0.50.

0With one-sided meridional profiling

_ T of the nozzle cascade, a-decrease of

5 - 0 0.25 0.0 015 "'04 0.5 u/c. blade height has a smaller effect on

Fig. 184. Dependence of coefficient k in
the formula for e kyIrF on the the efficiency T),, the losses due

velocity ratio u/c ; d = I m; number of to partial input almost do not change.

nozzle groups i = 3, no protective housing.
Curves: I - for single-wheel stage; 2 - Therefore, the value of optimum
double-wheel velocity stage-. - (solid :
'line) - nozzle cascade of usual type; partial admission, and consequently

- (dotted line) - nozzle cascade with
one-sided meridional profiling, also the value of coefficient k,

increases in the same zone of x

and amounts to 0.i9 and 0.28, respectively. Thus, for a stage with a diameter of

i m, when a 1 5 and x 0.5 (in the usual model, but with a good quality of

manufacture), partial input becomes impractical for cascade heights of 14-15 nuil,

and for a stage with meridional profiling, at Z= 11-12 mm. These values coincide

with the results of stage tests conducted at the MEI laboratory.

With the change of the angle a,, the optimum partial admission changes

:Insignificantly. Thus, for instance, upon transition from sin a I  0 .2 to sin a1

- 0.25, it decreases a total of several percents. A much more complicated question

is that concerning the influence of the diameter. As it is known, on the stage

diameter depend the efficiency TIo, the losses on the ends of the active arc,
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I
frictional losses, and others. Calculations show that for a given velocity ratio,

xq, the optimum partial admission increases somewhat as the diameter decreases.

It is necessary, however, to indicate that not only the quantitative, but also

the qualitative estimate of the influence of diameter on the efficiency of a partial

stage requires an additional check, since reliable experiments have not yet been

conducted with partial stages of different diameter.

As the number of input arcs increases, the optimum partial admission increase

perceptibly. Upon transition from i 3 to i = 6, e increases by 10-15%.

The influence of the protective housing on e0on (but not on efficiency !) Is

noticeable cnly when the flow areas are small: e1I < 10 mm. At larger el., in

practical calculations it may be disregarded. This is explained by the fact

that a protective housing, at least according to the experiments of Suter and Traupel,

on the basis of which formula (171) was -reated, decreases only the purely windage

losses, which usually make up only a por-lion of the Ce losses.

Besides the selection of the most advantageous stage dimensions for the

selected value of the ratio u/c , another problem can also be set up: to

simultaneously select two optimum stage characteristics, i.e.-, partial admission

e and velocity ratio xlOnT ,  at which the highest stage efficiency is attained
forTloix4the given area of a cascade and its diameter.* The solution of this problem

oi
is possible with the help of the following system of equations [2]

- 0 and 0.

By graphically solving this system for every value of eZ, the other secondary

gcometric parameters being constant, we find the optimum values of the velocity

ratio and the optimum (for this velocity ratio) degree of partial admission. These

optimum characteristics are given for a single-wheel stage in the form of graphs

(curves 1) in Fig. 185. In the construction of the graphs we assumed d = I m and

I = 3; the stage does not have a protective housing.

Frequently when designing a turbine it is not practical to maintain an exact

value of optimum partial admission. Therefore, it is necessary to know how the

relative internal efficiency of the stage changes with a certain deviation of

partial admission from aonT . This is illustrated by the dotted curves of the graph

'wHere we do not consider the selection of an optimum velocity ratio, x , from

the point of view of technical and economic Indices of the entire assembly.
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in Fig. 186. It should be noted that this graph may be used only for estimating

the decrease of efficiency with the change of the degree of partial admission, and

by no means for finding the value of efficiency, which depends on very many factors, ()

which deviate in reality from those adopted in the given calculation. The graph in

Fig. 186 was constructed for d = I m and i = 3, and for values of xb that are

optimum for the given eli. However, even for other x,, it is fully permissible

to use the curves in Fig. 186. As can be seen from the g?aph (with the exception

of those stages where maximum efficiency is attained with full input), the

deviation of partial admission from the most advantageous magnitude, within to limits

of 20%, has a very slight effect on stage economy especially with an increase of e.

This property of a partial stage facilitates the design of turbines and , in

particular, the unification of blading.

4#0 - e14 !Y

, ~ ~ ~ ~ l -.1r--- -y '
4' -

W1--' ell -5H.'f

0.3 -'-= el --I

wbIv.T 1 -1 -1
Z5 5 Z.5 10 -2. 15M 0 olf4

Fig. 185. Dependence of optimum stage Fig. 186. Influence of deviation of partial.
characteristics on eZ1 . Curves: I - admission of a stage from the optimum

for a single-wheel stage; 2 - for a value of efficiency %i: Curves -
double-wheel velocity stage: - (solid (solid) - for a double-wheel velocity staget
lines) - welded nozzle cascade of usual - --- (dotted) - for a single-wheel
type; ---- (dotted) - nozzle cascade stage.
with one-sided meridional profiling.

Analogous graphs were also constructed for double-wheel velocity stages.

Although the results of experiments conducted with MEI stages of the type HC-iA and

IC-1B were used for this, the data of these graphs can also be used for other new

double-wheel velocity stages. The main criterion that permits the use of these

data for other cascade combinations is the area ratio, which should approximately

correspond to the value adopted for MEI stages. A change of the area ratio, and

consequently, also the calculated reaction, leads to a considerable increase in

losses with partial input.
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Curves 2, which are represented In Fig. 184, show that partial steam input

for double-wheel velocity stages is practical to values of eZI < 30 mm, i.e., with

blades almost twice cs long as for single-wheel stages. This is explained by the

essentially smaller optimum velocity ratios. At small values of u/cp the effect

of cascade height on efficiency TI.. is somewhat larger, and the additional losses,

which are inherent to a partial stage, are noticeably lowered.

The solid curves in Fig. 185 show the dependence of the optimum velocity ratios

and optimum degree of partial admission for double-wheel stages. Figure 186

illustrates the influence of the deviation of e from eOflT on stage efficiency qoi"

The presented graphs for determining the optimum characteristics of single-wheel

stages and velocity stages with partial steam input should be of assistance to the

designer when planning turbines. Additional research on the influence of stage

diameter on the effectiveness of a partial stage, and also further work on the-

creation and investigation of various safety devices, undoubtedly, will substantiate

the most advantageous characteristics which are recommemded here. However, one may

assume that it is doubtful whether these substantiations will essentially change

the value of the optimum parameters of a partial stage.

§ 31. SUPERSONIC SINGLE-WHEEL STAGES

These stages are used in multistage turbines, and also in the form of small

single-stage turbines applied as the drive mechanisms of various assemblies.

In the last case, supersonic stages have relatively small flare and the whole

flow of steam or gas at the nozzle cascade exit, which sometimes depends upon the

expended heat drop at the entrance and exit out of the moving cascade, is supersonic.

The flow area of these stages should be composed of group B profiles or should

depend upon the heat drop of B and B. Various profile combinations are possible

depending upon the specific operating conditions of the machine.

Selection of the aerodynamic and design parameters of a supersonic stage

essentially depends on the pressure ratio p2/p0 (or MO), the flow rate of the

working medium, and the given (or selected) limiting speed.

The nozzle cascades of supersonic stages can be of three types: a) with

divergent channels of rectangular cross s.ection, with an expansion ratio of

f'r FiF, whl.ch ensures the achievement of the design Mci number, TC-P profiles

for instane, (see § 7); b) with axially symmetric channels, having the same

expansion rat[os; c) with divergent channels and concave back in slanting shear

(TC-13P prof.iles), which ensure stably small losses in off-design conditions; the
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expansion ratio of the channels is considerably smaller the value determined by

the given design Me! number (see Chapter I) or convergent channels and concave

back (TC-B). Impulse-type moving cascades, depending upon Mwl > 1, are of type O)

Bor type B (§ 8).

When profiling the flow area of a supersonic stage, it is necessary to consider

the possibility of the phenomenon of "choking" of the moving cascade at supersonic

velocities in relative motion. At the same time, in accordance with the condition

of inseparability, not all conditions at Mwi > I are accessible in the moving

cascade. An important part of the

problem is also the determination of

the angle of exit from the cascade at

\ J. - MW2 > I. The enumerated problems can

be approximately solved with the help

% of the hodograph of dimensionless
-,, , a)

0.. velocity Xw (or Mw), which was proposed

in [25]. Let us consider briefly

P. the method of constructing and using

.r [.the velocity hodograph.

I I; ~\ VWe shall use a continuity equation

in relative motion, after writing

it for the entrance and exit sections

J -- i \\L--  of the moving cascade (Fig. 187a):

q.t sin A, = qr o sin A,, (173)
a? a.4 0a6 0.8 to t2 x4. q y 7.0 z7 2.Vi I I where s o = Pow2Powl; pow, and Pow2

l -- are the stagnation pressures in

S_. i relative motion at the entrance and

&- t,-1i,"U---:. ".L , i l behind the cascade;

Fig. 187. Calculation of the flow area of
a supersonic stage with help of a velocity I
hodograph: a) cross section of moving k

cascade; b) diagram of hodographs Xw. X k+- (17

the given flow rate in relative motion (qw at the entrance and q at the cascade

exEL); pw and a~w are the critical density and velocity in relative motion.
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Consequently, the axial projection of qwI is equal to

q, sin , = q-e sin =q-"e- (715)

3 OWith the help of formula (174-) we obtain

qk-L2) sin (716)

it follows from expression (176) that various values of Xw and 1 can correspond

to a constant value of qwa" Hence, we conclude that at q wa const the end of vector

w describes a certain transcendental curve, i.e., the hodograph of vector 1w, in

a polar coordinate system (Xw, 0). By assigning various, but constant values of

q wa from a = 0 to q = I and from 0 to 7r, it is possible to construct a

group of curves in the plant of the hodograph (Fig. 187b), which makes it possible

to graphically calculate the flow in the moving cascades.

With supersonic velocities at the entrance, not all conditions that correspond

to the velocity hodograph are practically accessible. Experiments show that in

certain cases when X A > 1, at the entrance to the cascade there appear systems of

shocks that are not ponnected with the flow around the profiles; apon intersecting

this system of shocks, the flow obtains subsonic velocities. Such conditions of

the flow around impulse cascades are called "choking" conditions.

According to the condition of continuity, a certain other group of conditions

with subsonic and supersonic velocities at the entrance also turns out to be

unattainable.

Let us consider the methods of determining the unattainable conditions in an

impluse cascade at supersonic velocities, and consequently, also in a stage.

We shall use the continuity equation written for the throat area of a nozzle

cascade and the entrance and exit sections of a moving cascade:

: Ftwl = F ,w. (177)

Here Fc is the cross-sectional area of the nozzle cascade (throat areas);

Pc and a~c are the density and velocity in the throat areas of the nozzle

cascade under the given conditions; p,, P2, w,, and w2 are the densities and

velocities at the entrance and behind the moving cascade (in relative motion).

We shall present equation (177) in the following form:
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F.ea = F.&, _J e.,a.,

=F,,- Q,- Qi'~, (178)
F.2W'w Q~ 0

where p~e and a*, are the critical density and velocity in the throat areas of

the nozzle cascade (absolute motion); p*wi' Ppw2" a*wp , and a, w2 are the critical

densities and velocities at the entrance and behind the moving cascade (relative

motion).

We shall introduce the given flow rate q into equation (178) and shall substitute:

i ' -' P - '

where Poc, Toc Powil Towl' Pow2' and Tow2 are the stagnation pressures and

temperatures in absolute (in throat areas of nozzle cascade) and in relative motion.

If we cons4 der for an axial stage that the stagnation temperature in relative

motion is kept constant, then, after substitution and transformations, expression

(178) obtains the following form:

AF.,

" = q" sin , = e,=- sin ,. (179)

Here qc is the given flow rate in the throat areas of the nozzle cascade;

z' ,7.1 and t2 are the number, height, and pitch of the channels of the muving
cascade;

eow= Pow/powl is the stagnation pressure ratio on the moving cascade;

A=~ j/-
Pawl Tx "

This magnitude may be represented by dimensionless velocities:

M -H= ' and M -, L,

k+-

kA t -k-,
-c 2(R-1) + I-~

and the relationship between Mwl and Mel is determined by the evident expression

.N|., sin a,
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Equation (179) may be presented in the following form;

q.,ABq, sin =q..and (180)

F*c

where B= is a geometric parameter of the stage.

We shall analyze these relationships for certain particular cases. Let us

fing the condition for which there appear critical velocities at the entrance to or

behind a moving cascade.

If mWl = 1, then qw. = 1, and from equation (180) we will obtain

arc sin (,,q, sin l) = arc sin (e q,)- (181)

arc sin (q.,AB).

where

k-f I

A- [- (I + •

The critical velocity at a cascade exit is established when

P2- = arc sinit) =arc sin(- AB). (182)

The maximum flow rate through the stage corresponds to these conditions. It

follows from this that conditions which corresponding to the condition of

q.,AB qmj. > sin f6. (83)

are unrealizable in the stage.

It should be emphasized that the considered region of impossible conditions at

the entrance to a cascade does not coincide with the region of "choking" conditions.

In the last case, there appear shocks before the cascade and, consequently, "choking"

conditions can form only when supersonic velocities are attained in the nozzle

cascade.

As shown above, supersonic velocities before a moving cascade are possible when

the continuity equation (173) is satisfied, with l.osses taken into account:

q.. sin P sin P,:
q~ 1 sOnP PO-

Here Pow2 is the change of stagnation pressure in a normal shock, depending inlyPowi

on M* is the change of stagnation pressure in the cascade.

Pow2
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Since

-- / -k - I T -t

-jd )I
then

k_____ ( +,I k- I k I I

Consequently,
I I +

1 (1 -I k -I kh-'n si (184)

where 2  is the exit angle of the moving cascade, if a normal shock is located

before it and X2 = i.

When 'wl = 13 = 2 , i.e., the curves described by formula (474) coincide

with the curves constructed according to the equation qwa = const or in accordance
Sow

with expression (176) by the following formula
__ !

2 -k- I)-'-IZ )  sinP, = const.(1 5

The curves that correspond to equations (184) and (185) are shown in Fig. 187b.

I The hodograph of Xw may also be used for an approximate calculation of the

angles of deflection in the slanting shear of the moving cascades.

From the continuity equation, we shall express

sin of

b p - p,, ---arc i sin P I'., v) - 02:0"

For a zero reaction in the stage, P2 = PI and q = .- , and the deflection of

flow 6 = " we arrive at the conclusion that . = 2"

When PI = 2' the deflection is 6 = 0, and consequently, for any supersonic

velocity of the incident flow, deflection does not o' 3ur in the slanting shear.

When 0 < 0 - 6 < 0, i.e., contraction, not expansion of the flow, occurs in the

slanting shear.

Tils behavior of' the supersonic flow in impluse cascades is connected with the

-3(0
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fact that at supersonic velocities disturbances do not spread toward the flow and

the pressure before the cascade p. can be selected arbitrarily. This condition is

disturbed only in "choking" conditions, i.e., when vector X, lies in the region

bounded by the dotted curve for qaw2 = sin P2 # (Fig. 187h).

Thus, before the onset of choking conditions, the exit angle of flow from a

cascade can be determined for the value of Xw(p 2/powl) on the basic set of curves

for qwa = const, whereby 02 does not depend on the- geometric parameters of the

cascade and the number of X

in "choking" conditions, vector X is inside the region bounded by the dotted

curve for qwa = const; the exit angle is -determined with respect to Xw2 on the curve

for Sia = sin P2 3 ' i.e., it depends on the geometric parameters of the cascade.

We shall now consider some results of the calculation and experimental investi-

gation of supersonic stages. Figure 188 shows the optimum flow areas of these stages,

selected by calculation. All stages

--a e were calculated for one expansionStage
ratio, E 2 = 0.08 or Mo 2.3 (Mo is

the M number that is equivalent to the

available heat drop in the stage).

Moving cascade TP-2Ba) 'IBI Stage No. I includes a TC-IP
Stage
Sta-e nozzle cascade (a 16 0 );the ratio of

the exit section of the channel FI to

I < b) the throat section F*c was f

Sae = 2.38 (for k = 1.3); the

N"l.1 cross sections of the channel are

rectangular.

'17<?7T The nozzle cascade of stage No. 2

LO c) had axially symmetric channels with

Fig. 188. Diagrams of supersonic single- the same ratio, f = 2.3. The exit
wheel staaes: a) stage No. i-I, composed
of a TC-IP' nozzle cascade and three sections of the channel are made with
different moving cascades; b) stage No.
2-I, composed of a nozzle cascade with a profile calculated by the analytic
axially symmetric nozzles and a TP-2BI
moving caseade; c) stage No. 3-11, com- method. For decreasing the edge
posed of a TC-IBP nozzle cascade and a
TP-2BI moving cascade, losses, the exit sections of tho

channels have mutual cutoff. Uniformity of flow at thq cascade exit . ur&1.Arc'd by

cutting-oFl' and triirrning the trailing edges at the point of' intersection of the

adjacent chamels. The drilled channels of this cascade aro characterized by a
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smoothly outlined subsonic portion; the profile of the supersonic section in the

slanting shear is either conical or, for ensuring a uniform velocity field at the

exit, curvilinear. (
The nozzle cascades with axially symmetric channels are characterized by

smaller end losses and therefore should have a higher efficiency with low heights.

An-essential advantage of nozzle cascades of this design is high productibility,

which ensures a considerably high accuracy of dimensions of the channels and purity

of their surfaces.

Stage No. 3 had a TC-IBP nozzle cascade (§ 7) with slight expansion of the

vane channel (f = 1, 2) and a concave profile back in the slanting shear.

The moving cascadeswere of two types (see Chapter I) with stage deceleration

at the entrance (TP-2B) and rectilinear backs (TP-2B) with convergent-divergent

channels. All cascades had approximately identical entrance and exit angles.

Consequently, the tests of stages with various nozzle and moving cascades were

intended for finding the most rational cascade combination for a supersonic stage

which would ensure a high efficiency

__ 3 4 in a wide range of conditions.

The results of the calculation,

# according to static investigations,

- - - and certain experimental data for

three stages with different nozzle

_cascades and with one TP-2BI cascade,

- are shown in Fig. 189. Efficiency

curves are given there, depending

0 0. 0Z 0. 0 as 0 'e upon u/c for a constant available

Fig. i89. Dependence of relative internal heat drop (e2 - 0.08) which corre-
efficiency of supersonic single-wheel
stages on x$ for a constant available spondsto the design conditions of

pressure drop, e = idem, and on a variable
drop (62 )$ and for xb idem. Curves: the TC-IP nozzle cascade (shown in

I - stage No. i-I; 2 - stage No. 2-11; Fig. 188a).
3 - stage No. 3-I; )I - subsonic stage

• 1I-I-2A (E2 = 0.7; Reci ).10). The experiments show that the
ciefficiency of the three stages under

design conditions are close. The particular advantage of the stage with the TC-lBP

nozzle cascade is connected, apparently, with the fact that the profile chord in

this case is less than in the two other variants. Let us note that the efficiency

of stage No. 3 could be somewhat higher: however, in connection with the increased
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angle a,, the reaction in this stage, and consequently, the leakages, turned out

to be higher (Fig. 189).
Stage No. 3 with the TC-!BP nozzle cascade has essential advantages in off-design

(9 conditions, especially with a decrease of the heat drop available on this stage.

When comparing the efficiency curves, which were constructed depending upon the e

of various u/c. (Fig. 189) it may be noted that stage No. I (Fig. 188a) is the

most sensitive to the change of e > ep. The intermediate position is occupied by

stage No. 2 with axially symmetric channels of the nozzle cascade.

The experiments showed that for a design M O number equal to 2.3, the best

results were exhibited by the TP-2B cascade, with stage deceleration at the

entrance. For lower velocities, the TP-2B and TP-2B1 cascades are equivalent.

The results of the investigation of supersonic stages distinctly show that

the influence of certain geometric parameters, in particular the height of the

nozzle cascade and the ratio of cross

sections, is different than that for

a "subsonic velocities. Actually, the

0# -1,z 0.487 , _.graphs of the change of efficiency

S-- depending upon Ti and F-FI, which are
0' .?7' -9

-*presented in Fig. 190, permit us to

475- conclude that the influence of T,

weakens when M0 >> 1. This is explained

. 1.5 1.6 t 7 1.8 1.9 2.0 .1 F/?j, by a certain lowering of end losses in

Fig. .1.90. Dependence of efficiency of the cascades at supersonic velocities.
single-wheel supersonic stages on height
of nozzle cascade and area ratio: - An especially weak sensitivity to
subsonic stages; - . - - supersonic
stages (calculation). chages in height is possessed by the

stages in which we flow is supersonic

both in absolute, and also in relative motion. With a mixed flow in a stage, the

effect of height is more considerable. It should be noted that at low heights

the alvantages of stages with axially symmetric nozzle channels, which are calculated

by the method of characteristics or analytically, are noticeable. These nozzle

cascades, as shown by the KTZ laboratory, have minimum end losses, the relative

magnitude of which, with the decrease of height, practically does not change.

For supersonic stages, the optimum ratlo of cross sections of the moving and

nozzle cascades is larger with the same dogree of reaction. As the M number

increases, the quantity (F,/Fi)onT increases, which cumpletely corresponds to the
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peculiarity of a supersonic flow, the density of iwhich decreases even more intensely

than at subsonic velocities.

Considering the curves of relative efficiency, depending upon xj (Fig. 189) (
for stage No. I-II, one should note that when > X , the efficiency

decreases more intensely than for subsonic stages and stages No. 2-I and N1o. 3-11.

This result is explained by the phenomenon of choking in corresponding conditions,

which are characterized by the increased angles of entrance to the moving cascade

and deflection in the slanting shear of the rotor blades, which causes an increase

of losses in the nozzle and moving cascades and losses with the outlet velocity.

The x ratio at which choking conditions occur may be determined by the

diagram of the velocity hodograph of \w (Fig. 187b), with the help of which the
region of unattainable conditions in the moving cascade is established.

As the experiments show, the losses during partial input without the application

of special protective means in a supersonic stage are somewhat higher. In

accordance with this, into the formulas for losses dring partia input it is

necessary to introduce a correction (see § 28).

In those cases when the calculated degree of partial admission is small, the

.pp.j-cation of turbines with repeated admission is expedient, in which several

impulse pressure stages or velocity stage are placed on one disk.

o Figure 191 gives a diagram of such a turbine: with consecutive gas input on

one side of the disk and bypass channels (Fig. 191a) and with input on two sides of

the disk without bypass channels (Fig. 19lb). The first diagram has an advantage

that is connected with the best organization of flow at the entrance to the moving

cascade; its disadvantage consists in the necessity of bypass channels, which

increase the losses somewhat. In the second diagram this disadvantage is not

present; however, the conditions of entrance to the moving cascade will be less

favorable.

Triplo-stage, single-wheel stages can also be constructed on the basis of this

diagram. The division of heat drops between stages during input from one direction

is carried out in such a manner so that the absolute velocities at the nozzle cascade

exit are identical, which leads to identical angles of entrance to the moving

cascade. According to the second diagram (Fig. 191b), velocity triangles are

constructed in such a way so that the condition of PI = P2 p p is the exit

angle of the moving cascade) is ensured for the second stage.

(-)
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The calculation of a single-

I -~ -' ---
-- wheel, multistage turbine consists

SI I in the construction of velocity

I ______________ - triangles, the determination of the

I %Eii1_ TT 7F I dimensions of the nozzle and

,. / I. moving cascades, and the determina-

a) tion of the additional losses due

to partial input. It should be

___ borne in mind that the losses due

" " - -to partial input in this turbine

L = will be greater than those in a

b) single-wheel stage.

The results of tests of a

00- single-wheel, double-stage turbine,

-040 -conducted by G. D. Linkhardt andG. D.
4. C

Silvern, are shown in Figure 191c.

The tests were conducted at e =
0 V.V #AX VV) 0.40 OR1/ u/c9

c) = 0.058. Maximum efficiency was

Fig. 191. Single-wheel double-stage super- equal to 62% at xq = 0.3. This
son turbine with partial admission: a)
diagram of disk with single gas admission figure also contains a calculated
and bypass channels; b) the same, with
double admission and without bypass channels; curve for qoi = f(xp ); the
c) characteristic curves of turbine:
- V - V - - experiments with axial experimental values of efficiency
clearance 6 0.13 mam; - - --- O- ex-

a we considerably lower than those
periments with axial clearance 6a = 0.43 mm;

a
- calculation, found by calculation. The indicated

lowering of experimental efficiency

is explained by increased losses in the nozzle and moving cascades and leakages

over the shroud and in the root clearance, and also at the nozzle cascade exit of

the first stage and through the seals of the nozzle box of the second stage. The

debign with the bypass channel (Fig. i9ia) is more economical, since the leakages

at the exit of the first stage are partially trapped by the nozzle box of the

second stage.

For increasing efficiency at small xd, another method can also be used: the

installation of a vaned diffuser behind the stage will make it possible to displace

the region of maximum efficiency of single-wheel, stages to the zone of x - C.3-0.)

, with full input. With partial input, the optimum x) of a stage with a vaned

. ) diffuser will naturally be even lower.
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§ 32. SUPERSONIC DOUBLE-WHEEL STAGES

In the practice of stationary and marine turbine construction, supersonic

double-wheel stages have been employed for sometime. The first experimentally (
investigated double-wheel stages included the stages produced by the GE firm.

Figure 192 shows the flow area of one of the GE stages which consists of a

supersonic nozzle cascade with divergent channels and old-type moving cascades (with !

rectilinear leading and trailing edges on the back

and channels of almost constant width).

Systematic tests of this stage were conducted

at MEI. The basic geometric characteristics of the

test stage are given in Fig. i92a.

Curves of the internal efficiency of the stage

Sa): at various heat drops for full steam input are

- . .shown in Fig. 192b. Figure 15ib illustrates curves

960 of Tjifor the same stage, but with a subsonic

nozzle cascade (with convergent channels). A corn-
Sparison shows that the efficiency of the GE

050-
supersonic stage was considerably lower than that

"V,- of the subsonic variant. Under conditions,

00 . corresponding to the pressure ratio e - 0.13 (Mo

0 • 2.0), the maximum efficiency of the supersonic
I , o 70 variant amounts to 0.64, and the subsonic, atI

.6 0.55 (M0  1.0), is equal to 0.71. However, if

ali . a comparison is made of the two variants at e - 0.i3,

02 b) 0.3 4 the effectiveness of the supersonic stage turns out

Fig. 192. Investigation of to be higher. Already these first experiments
double-wheel stage No. 113:
a Plow area of stage No. confirm the expediency of the special development
ib;) b) internal efficiency
of stage wjth full steam of double-wheel stages for supersonic velocities.
Input at various a =2/po. At the same time, as may be seen from the

graphs in Fig. 192b, the stage with the supersonic

no ze is very sensitive to changes of c:nditions (s or MO). As the heat drop

available on the stage decreases (as a increases), the efficiency of the stage is

sharply lowered. Thus, at e = 0.13, qoL = %6, and at e = 0.7, the efficiency

drop.; twico, to 0.33.

Such Pn abrupt change of the efficiency of the supersonic stage under variable

conditions Is explained mainly by the corresponding behavior of the nozzle cascade (
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with divergent channels, which is very se.isitive to-changes in the pressure ratio

S1 = p1/p0 (conditions). Actually, by comparing the curve of C = 1 - for the

nozzle cascade (Fig. 25)'with the curves of stage efficiency depending upon e, one

can be certain that they are practically equidistant. Consequently, the efficiency

of the entire stage under variable conditions to a considerable extent is determined

by the losses in the nozzle cascade. Hence, it may be concluded that improvement

of the nozzle cascade may essentially increase the efficiency of a double-wheel

stage, not only under design conditions, but also under variable conditions.

An illustration of these statements is the work of the Kaluga Turbine Plant on

the improvement of the nozzle cascade of a double-wheel supersonic stage. The flow-

area of the investigated

stage and its basic dimensions

/ are shown in Fig. 193. TheHaber b t I

or SIASS MM MWj K+ M profiles of the first moving,

2 467 Ii. 45f9 4V
3 75 46 457 19 , 4- ,-*--' rotating, and second moving
' 04MA 0/3? 4V 010.3 R
3 OVA01,? 4,5 :4 /wheels are reproductions ofIt

f o a the well-known ME! combination

Fig. 193. Flow area part of KTZ double-wheel of the 1{C-A subsonic stage
stage. Radial clearances in seals 0.4-0.7 mm;
front open axial clearances 1.3-1.8 mm, rear - (see Chapter V)o. The nozzle2.5-3 M.

cascade was manufactured in

four variants (Fig. 1914). The first variant (Fig. 194a) has cylindrical shrouds,

and profiles of type TC-1P form

divergent channels with an expansion

/ ratio of f = 1.5. The design 14

number is -2.01 (s 0.133). The

profile chord of the nozzle cascadea)
was very large (b, = 100 mm) and

AAthe relative height wsT .2

In connection with the great

length of the chord and the

d) relatively small cascade diameter.

Fig. 1911. Variants of nozzle cascades of the channel sections vary great-y
double-wheel stages tested by KTZ: a) with ,
cylindrical contours, welded; b) with two- with respect to length: the
dimensional channels; c) with profiled chan-
nels; d) with axi.ally symmetric channels, channels take on a complicated

three-dimensionsl curvature. It
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should be noted that for this variant, as also for all the others, the profile

chord was selected so large without a proper basis.

The second variant of a nozzle cascade with the same profile was manufactured

with two-dimensional vane channels (Fig. 194b". The three-dimensional curvature of

the nozzle cascade is attained due to the fact that the profile generatrices, which

belong to the adjacent channels, are inclined to one another at an angle equal to

pitch angle- of the cascade. The cross section of the channel is right-angled along

the length. The end planes that bound the chmnel are oriented -in space so that

the axis of the stream is tangent to the mean circumference. This cascade has a

somewhat smaller channel divergence, f = 1.31.

The third n .zzle cascade- is manufactured with the same profile, but it has

specially profiled shrouds in the meridional plant (Fig. 194c) which ensures the

location of the skeleton line of the profile in its end sections, in one plane.

The fourth and fifth variants, i.e., conical divergent nozzles (Fig. 194d),

have a smoothly outlined subsonic section. Thus, as also for single-wheel stages

*(§ 31), for the purpose of decreasing edge losses here, the exit sections of the

channels have a mutual cutoff'. The velocity values in the cutoff region in the

adjacent channels are practically identical. The axes of the channels are oriented-

approximately on a tangent to the mean circumference of blades of the first row.

The cone angle is assumed to be small (yc  - 50), Variants four and five differ

only by the nozzle angle (ac = 150 and a1e = 170).

The results of the tests of the five stages, under conditions close to design,

are shown in Fig. 195. It follows from a comparison that the last three variants

(nozzle cascade with profiled

I., shroud, conical nozzles), the

third, fourth, and fifth, have
t468

approximately identical efficiency

0-
"  and it is considerably higher

than that of the first and second.

,60 ,- / -- -. -- The increase of efficiency

056- .1 _TT __ amounts to 2-4% as compared to
0.18 0.O a?2 jL74 0,26 .1 .3o , u/c* variants one and two.

Fig. 195. Dependence of the efficiency of
KTZ double-wheel supersonic stages on x It should be emphasized

with a constant heat drop on the stage, i - that the KTZ double-,,heel velocity
stage No. I (welded nozzle cascade with cylin-
drLcal contours); 2 - No. 2 (two dimensional stage with drilled conical
channels); 3 - No. 3 (with profiled contours);
11 - No. I (drilled nozzles); 5 - No. r. (drilled ()nozzls). "nozzles turned out to be Iess

nozzles).
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sensitive to changes in heat drop than stage No. 113 (Fig. 192), which is clear

from the graphs in Fig. 196.

a The efficiency obtained by the plant

0 :for double-wheel supersonic stages with low

blade height (I1 = 1-9-18.2 mm) are by

far not limiting. It should be borne in

- mind that the moving and rotating blades of

6? ' .. the test stages had subsonic contours.

- .s' " - Replacement of the first moving cascade by

TP-1B profiles from MEI, which are designed
3 It 5 S 7 8 b ,

P2  for work at low supersonic inlet velocities
Fig. 196. Influence of the pres-
sure ratio (140 number or heat drop) (Mwj -5 1.25), made it possible to increase

on the effectiveness of a stage
whose nozzle cascade is designed the stage efficiency by i-2% (relative).
with axially symmetric channels.
Stages No. 5 - solid lines and 5a- The increase in efficiency, as a result of
dotted: I - stage No. 5 - = the application of a new profile, continues

0.28, No. 5a - x= 0.26; 2 -

x = 0.26; 3 - xd = 0.24; 4 - xff to increase hs xf decreases, which is

= 0.24; 5 - xb = 0.22; 6- x connected with the increase of velocity w,

- 0.22; 7 -x$ = 0.2; 8 - x- (and MwI, correspondingly) in relative motion.-- 0.18; 9 - X = 0.18.
The KTZ also conducted other investiga-

tions of supersonic double-wheel stages, the

geometric characteristics of which are given in Table 14, and a diagram of the flow

area is shown in Fig. 197a. Transonic stages No. i and 2 are similar in their

geometric parameters to the MEI HC-IA stage (§ 25), but differ from it by the ratio

of flow areas. Stage No. 3 is equipped with new blading which was specially

developed for the low heights (see Chapter I).

The efficiency of these stages, depending upon x, is presented in Fig. 197.

The effectiveness of the KTZ-MEI supersonic double-wheel stages may be estimated by

means of Fig. 198a. These experiments once again confirmed the expediency of the

application of axially symmetric nozzle cascades with low heights. Expecially impor-

tant in this case is the fact that a stage with axially symmetric nozzles, constructed

on the condition of minimm wave losses and losses due to friction, behaves satis-

factorily under variable conditions. Figure 198b gives curves of relative efficiency

for these stages; the curves were constructed on the basis of tests of four stages

with axially symmetric nozzle cascades which differ from each other by the expansion

ratio of the supersonic portion of the channels. As can be seen from the graph,
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nozzle cascades with axially symmetric channels perform satisfactorily under var-

iable conditions.

Table 14. Geometric Characteristics of Experimental Stages

Designation of characteristic Number of stages

1 2 3 4 5 6

YLid-diameter in =m ......... .... 800 800 800 550 350 265

Height of nozzle cascade in mm .... 14.5 15.0 1.4 12.3 11.9 8.25

Area'of throat sections in cm2 .... 45.2 38.2 24.8 7.4i 4.8 1.08

Degree of partial admission ......... 0.41 0.41 0.33 0.21 1.0 0.28

Profile of nozzle cascade ......... TC-2A TC-2A TC-2BM Axilly sjtric

Effective oinlet angle .*.........17040' 14020' 140 170 170 160
Profile of cascade of first wheel . TP-1A TP-iA TP-15R TP-1B TP-1B TP-B I
Profile of cascade of rotating wheel TP-3A TP-3A TP-3Ax TP-3A TP-3A TP-3B

Profile of cascade of second wheel TP-5A TP-5A TP-5A TP-4A TP-4A TP-4A

Expansion ratio of channels of
nozzle cascade ................... I ± 1 1.48 2.24 3.972 Relative area of first wheel ...... 1.56 1.6 1.76 1.51 1.7 1.55

Relative area of rotor apparatus .. 2.3 2.12 2.67 2.55 3.14 3.06

Relative area of second wheel ..... 3.6 4.o 3.9 3.42 4.65 4.52
Profile chord of nozzle cascade
in mm .......... ........ 43 43 45 45 41 42

Profile chords of moving and
rotating cascades ............... 25 25 25 20 20 15

Diameter of location of relief
holes in mm ................... 560 560 560 310 210 -

Diameter of relief hole ........... 30 30 30 25 22 -

Number of relief holes ..... 5 5 5 5 4 -

M T...[ i

g. 197. InvestIgation. O ..0,70

oi KTZ supersonic double- 0.6 .
wheel stages: a) diagram 0 .,
of flow area with clearances
in seals 0.5-1.0 mm and over- i
laps: root 0.5-1.5 mm and 0,Z
peripheral 1.5-2.5 mm; b) 40. . . .
dependence of stage efficiency 9S, o. 020 026 o C3C
on x4 . 0-318- (
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;,z+ I ~ i +  4-I I ---

a) b) ]
Fig. ±98. Effectiveness of double-wheel sub-
sonic and supersonic stages: a) dependence of

effiienc ofstages on parameter F,/rd 'where

F.* h rao the throat sections of the
nozzle cascade); b) the influence of M0 numbers

on the efficiency of stages with various nozzle
expansion ratios: Curves: I - KTZ-M4EI velocity
stage: II - TsKTI stage; IIi - stage No. 113.
A-----f = 1.148; 0--e•- f = 2,21;
A - A - A - f = 3.97; 0--- f = 11.17.

The sensitivity of a stage to a change of conditions increases as the design

Minumber increases at the calculated expansion ratio f. Thus, for instance, for

stage with a nozzle cascade, f = 1.118 (M0 = 1.8), a 20% change as compared toI

pt.imulm_ c.... ses.. m. 3% drop i.. -n eonomy. For a stage .h..e "+....... .+ .ha- f -- .1 -,~

(M0 = 2.8), a corresponding change of the conditions causes a lowering in economy

by ±8%. This result is distinctly confirmed by graphs of the change of losses in

a nozzle cascade with divergent channels (see Chapter I), and an even greater

change of losses is observed under variable conditions, the highler f is.

In comparing the effectiveness of the three supersonic stages (No. 11, 5, and 6),

let us note that by means of extrapolation for full input there can be obtained the

following maximum values of efficiency (Table ±5).

Table ±5. Effectiveness of Certain Experlmental Stages

Transonic Supersonic
Characteristic of stage number of stages

___ __6 __ 1 3 T 5
A I, W at Al 6.s-5 4 S .

Maximum efficiency with full
input, oi max 75.% 76% 75.5% 69.5% 73.7% 68%

Optimum velocity ratio,

X@,orT 0.29 0.28 0.27 0.26 0.28 0.26
Height of nozzle cascade, the i

ji', in mm ± 1j5.0 111 2.3 ±i.9 8.25

The 1Lita given in Table ±5 distinctly show that supersonic stages can have an
offtciency on a level with the best transonic and subsonic stages if the flow area

is pror11kd correctly. The transition to considerable supersonic velocities

stg:I()sTIsae I saeN.13

A .8 .4



practically does not change the optimum velocity ratio XOT. This fact is

indirectly confirmed also by the graph in Fig. 198b: the points characterizing the

efficiency of the subsonic and supersonic stages lie on one curve, %oi - f(F*c/rd).

It should be emphasized that the available experimental data confirm the

effect of height on the efficiency of supersonic double-wheel stages, which turns

out to be less considerable than that for subsonic ones (Table 15). This result

Is explained by the decrease of end losses in the cascades at M > I ( in nozzle

cascades with axially symmetric channels, these losses are extremely small).

The absence of normal regularity between efficiency and the basic -geometric

dimensions (height and diameters) for KTZ stages is explained by their particular

design distinctions.

In the design of a supersonic double-wheel stage, an important role is played

by the correct selection of the total degree of reaction and its division along

the wheels.

The main'geometric parameters that determine the degree of reaction are the

cross-sectional ratios of the wheels. Numerous investigations showed that these

ratios must be different, depending upon the type of nozzle cascade of the stage and

its design conditions.

The experiments of KTZ and MEI also showed ways of further improving

double-wheel supersonic stages. The solution of this problem requires: a) the

application of nozzle cascades, which ensure stably high efficiency in a wide range

of variation of conditions respect to T cl (or MO); b) the selection of profiles

for the first rotating wheel and second wheel of the stage, for which the selected

M numbers and entrance angles are optimum; c) the eiarantee of optimum reactions

on the wheels by selecting the appropriate areas of flow sections of the wheels.

When solving this problem, MEI developed a new group of supersonic double-wheel

stages. They considered that the possibility of employing large (supercrltical)

heat drop,,- on a double-wheel stage with sufficiently high efficiency is very

tempting not only for creating transport machines, but also steam turbine instaila-

tions with super-high parameters.

As showm by the investigation of the influence of the M0 number on the efficiencyP0

of double-wheel stages HC-OA and HC-iA, its increase in the beginning leads to a

growth of efficiency, and the, with the transition to M0 > M0 (Mo* is the critical

M number for the stage), the efficiency starts to decrease, and especially intensely

when M0 > I (see Fig. 151).
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Aerodynamic research on cascades shows that subsonic profilds with continuously

variable camber which form convergent channels are characterized by increased losses

l 0at supersonic velocities.

Consequently, when designing a double-wheel stage for supersonic drops, it is

necessary to apply special supersonic profiles for the nozzle, moving, and rotating

cascades (profiles of group V).

These profiles are given in the atlas (see also Chapter I).

Furthermore, considering that for the given ratio of flow areas of the wheels,

the reaction in the stage (and on separate wheels) increases as MO increases;

therefore, it is necessary that such stages be designed with large area ratios.

Taking into account the results of the indicated investigations, MElI developed

supersonic double-wheel stages that differ by the angles of the profiles and the

heat drops used. Experiments conducted in certain laboratories made it possible to

estimate the effectiveness of -some of the new variants.

Depending upon the used heat drop and the angles of flow, the flow areas are

composed of the profiles shown in Tables i6-18.

Table 16. Profiles of HC-OB Double-Wheel Stage

Range RangeIof of Design 1 number
Cascade Profile inlet outlet Area at en- at

angles angles ratio trance exit

Nozzle TC-OBP -,1-14 1,0 - 1.8-3.0
First wheel TP-OBP 16-i8° 15-17° 1.6 1.4-1.8 1.4-1.8
Rotating wheel TP-2B 22-26' 20-22 2.7 0.9-1.4 1.1-1.2
Second wheel TP-4A 30-32 0 - 89 4-.7- -

Table 17. Profiles of HC-lB Double-Wheel Stage
Range Range
of of Design M number

Cascade Profile inlet outlet Area at en- at
_angles angles ratio trance exit

Nozzle TC-1BP - 15-17 - - 1.8-3.0
First wheel TP-1BP 19-220 17-180 1.55-1.65 1.4-1.8 1.4-1.8
Rotating wheei TP-3B 27-30 23-25 2.6-3.0 0.9-1.2 1.1-1.2
Second wheel JTP-5A 38-45 29-310 3.8-4.5 0.7-0.9 0.5-0.6

Table 18. Profiles of HC-2B Double-Wheel Stage

Range Range I
of of DesignM number

Cascade Profile inlet outlet Area at en- at
angles angles ratio trance exit

Nozzle TC-2BP - 16-19oI 1.0 - 1.8-3.0
First wheel TP-2B 25-270 24-260 1.56 1.4-1.8 1.4-1.8
Rotating whee TP-3B 30-330 30-33o 2.86 0.9-1.4 1.1-1.2
Second wheel TP-5A 42-50 38-45o 4.5 0.7-0.9 0.5-0.6
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As can be seen from the tables, supersonic double-wheel stages are characterized

by higher ratios of areas of flow sections; as already indicated, upon traxsition

to supersonic velocities, the reaction of the wheels increases and therefore, for

maintaining it on a low level, it is necessary to increase the cross-sectional 

areas of the wheels.

According to the tables, the profiles along the flow area consecutively vary

from group B to group A in accordance with the change of the M number in absolute

and relative motion. K

The 1KTZ laboratory obtained the characteristics of a C-iB stage with a diameter

of d1 =700 mm and height of nozzle cascade = i5 mm -for various MO numbers (heat

drops). in connection with the fact that the given stage has new nozzle and moving

cascades, the efficiency of the stage was high under design conditions and

relatively weakly variable with deviations of the conditions from design. p
These experiments also confirm the result noted in the preceding paragraph and

in Chapter I (see § 7): the nozzle cascade for Mci > i behaves better in variable

conditions, if the outlet angle of flow ai is variable. 1
Of importance is the correct selection of the cascade profile of the first

row, the pitch, and the angle of incidence of the profiles. Experiments show that

an error in the angle of Incidence of the profile of the first wheel (incorrect

selection of inlet angle P,) can lead to a lowering of economy of the stage not

only in desLgn conditions, but especially under conditions that differ from design.

§ 33. COMPARISON SINGLE-WHEEL STAGES AND VELOCITY STAGES

When designing a turbine, there sometimes arises the problem of selecting the

type of stage, e.g., single-wheel or velocity stage. Quite frequently it is en-

countered when selecting the type of adjustable stage. In this case, not only the

type of stage, but also its heat drop and diameter are variable. It is obvious

that the selection of these characteristics is influenced by many factors:

i. The economy of the adjustable stage for the given d, h 0 and volume steam

admission GvO .

2. Change of the economy of the subsequent, nonadjustable stages due to a

change of the heat drop of the adjustable stage.

3. Change of steam temperature behind the adjustabile stage and the problems

of mtals and strength that are connected with this.

4. Change of turbine dimensions (or the high-pressure portion for multIcylinder

machines) and the problems of maximum dimensions of forged pieces, critical rotor
(32
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speed, and others conrected with this.

5. Change of steam leakages through forward end sealing.

6. Tite requirements of variable operating conditions of the turbine.

This entire set of questions goes beyond the scope of this book; however, for

its solution the designer should have comparative data at his disposal for solving

the problem wit'i regard to points I and 6, i.e., he should be able to compare the

economy of a single-wheel stage and a velozity stage under identical conditions.

Inasmuch as in the majority of cases this problem arizes in stages with partial

input, the designer should use the material of the preceding paragraphs of this

chapter for its solution. For a first estimate, comparative graphs of economy are

presented below. These graphs arc only comparative, i.e., they are not intended for

determining the efficiency of any stage, but for comparing the economy of a single-

wheel and double-wheel stage under specific operating conditions.

it should be pointed out that inasmuch as we are speaking of an adjustable

stage, in the selection of the type and parameters of the stage it is necessary to

consider that for a multistage turbine the losses (decrease in efficiency) in the

first stage due to the phenomenon of heat return are less than in the subsequent

stages and especially in the last stages.

If we consider a turbine with intermediate steam superheating, a decrease

in the efficiency of the adjustable stage and a corresponding increase in the

temperature of the steam proceeding to the secondary steam superheater require

a smaller expenditure of heat for seconds, superheating. This must also be

considered when selecting the type and - -rameters of an adjustable stage.

Figure 199a and b, show comparative curves of the relative internal efficiency

of single-wheel and double-wheel stages, considering all losses except leakages

through the end sealing. The graphs were constructed for full input (e = i) and

three partial admissions (e = 0.75, 0.5, and 0.25). Stage diameter is 800 nm.

Calculations were performed for H{-I-2A and KC-1A stages with identical anGle a1 .

The pressure ratio was 6 = 0.5 for the velocity stage and a = 0.7 for the single-

wheel stage. The stages have no devices for lowering losses due to partial

inpuL. The number of' nozzle arcs (pairs of ends) i 1 1. The nozzle cascade does

not have special meridional profiling, and the diaphragn is welded.
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Fig t9he Comaiso of theecora omy of iposilewheela(dte flin ancoule-wheel

i. For definite heigt li and degree of partial admission e there is a bound.

of u/c , below which the double-wheel stage has a higher efficiency rloi than the

singlc-whe type.
2. Depending upon i (when ±5 - 7i " 25 mm) and e (0.25 - e - ±), the magnitude

of this tereshold velocity ratio, o varies from 0.36 to 0.26.

As o i and e (volume steam admission) increase, admissincreases.

Figure 200 presents graphs that were recalculated for various diameters from

d = 700 win to d = i00 ram, and constant number speed, n = 3000 rpm. Calculation of
the efficiency curves was performed under the same c.ditions as the previous graphs.

The basic featsre of the graph in Fig. 200 is the fact that it indicates efficiency

1 for optimum partial admission of the stage, eOT, and optimum velocity ratio, XonT.

This graph makes it possible to compare the maximum economy of stages under

the given conditions, depending upon h 0 and F,2 and it is valuable in the selection

of the maisn paraeters oC an adjustable stage. Howver, it cannot be used when there

is a d av dtieon o l the stage characteristics from optimum. I

thet i obvious that under other conditions (other stage combinations, other

speeds, ifr'rase of number of input arcs, meridional profiling of nozzle cascade, I
Tand so forth) it is possible to construct analogous graphs by using the material of

this chaptnr. (
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§ 34. ADJUSTABLE STAGES OF
EXTPCTING TURBINES

[ [ In turbines with steam extraction,

"- . - for production and heating, in

- - - distinction from condensing turbines,
T there are additional steam-distributing

r, .sm- F elements which make it -possible to

---- maintain a given pressure in the

_- extraction chamber by means of regulating-

I~- the steam admission through the sub-

-- 'sequent stages of the turbine.I II 1"
sMost Soviet turbines use

Fig. 200 Comparison of the economy of regulating rotary diaphragms for this

single-wheel (solid lines) and double-wheel
(dotted lines) stages, depending upon the purpose; they consist of a rotary ring
available heat drop of the stage h0 and the and diaphragm body with blades. Rotary

outlet area of the nozzle cascade F,. -

diaphragms essentially simplify the.

turbine design (they decrease the weight, length, and work capacity) as compared to

turbines that have valve steam extraction distribution. - -
The presence of steam-distributing c.xtraction elements leads to the appearance

of regulating stages of medium and low pressure.

In turbine construction practice, various types of rotary diaphragms are

employed for extracting turbines: which are equivalent to triple-valve, double-valve

and single-valve (thrittle) regulation.

A regulating stage with rotary diaphragm, both single-valve and multi-valve,

consists of a rotary split ring i, a stationary split diaphragm 2, and a rotor

wheel 3 (see, for instance, Fig. 201b, and Fig. 202). The rotary ring has ports

that are evenly arranged around the circumference. The number of ports in the ring

can be equal to the number of nozzle channels in the diaphragm or less. In the

last case, one channel of the throttle regulates the gas flow in two (or more)

nozzle channels.

In distinction from valve-type steam distribution, the nozzle cascade in th,

s;tagr- with the rotary diaphragm is located directly behind the throttle channels.

Some oC the kinetic energy of the flow coming from the throttle slot, with partial

opening of' the nozzle channels, may be used on the rotor wheel.
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Fig. 201. Dependences of losses in nozzle cascades with rotary dia~hragm for

three profile variants A, B, B: .a) on the pressure ratio a 1 for~ dj:f'eent

degrees of opening 6; b) on ,the degree of opening 6 for si = 0.35.

At the same time, the throttle

£0 " channels can be designed, as a direct

,-

Fi. 2 . _ continuation of the nozzle channels. The

h7 e _profile o isoh cascade are

dere oo ing ;cut in a plane perpendI c lt othexis
/ -- -- Aof the stage, and their leading edges

,-- _1 c-rti nuat.i formo the throttle channels (Fig. 2Oib).

r/ This type of steam distribution may be

calle direct steam distribution with 
a

/

a7; - ' of. hep te n th eirlaig.de

-frmThe 
throttle channels (rotary ring)

, I are also designed separately from the

02 - - -- - nozzle cascade (Fig. 202). The one-piece

nozzle blades are separated from the

rotary ring by intermediate struts 4. The

47 V, 4 s 46 7 8 E rotary ring and the struts may be inclined.

Pig. 202. Change of the efficiency
of a regulating stage with rotary This type of steam distribution may be

diaphraigi (solid throttle), depending
on the prosjure ratio e for various called direct with a divided throttle.

(hdgroes or opening . A laboratory investigation was carried

out on an HA rotary diapbrjpi of the

10-100 Mw Lirbine sertes of the Ural Turbine Plant (T-50-130, IIT-50-130/7, T-100-1), (
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which is equivalent to -single-valve steam distribution. It consists of a rotary

ring and a stationary diaphragm with nozzle blade; (Fig. 201b). In this diaphragm

the nozzle cascade follows directly behind the Totaryring. As it was shown, with

) partial opening of the channel at the entrance, this makes it possible to most

effectively use the kinetic energy of the flow coming from the throttle slot.

The investigatio of the cascades of rotary diaphragms under static conditions 4

and in an experimiental steam turbine* made it ossible to determine their

aerodynamic characteristics and to work out recommendations for designing improved

variants. Figure 20ia and-b, show diagrams of three cascade variants with a solid

throttle, which were tested by TMZ under static conditions, and the energy loss

coefficient, depending upon the degree of opening and the pressure ratio, With the

decrease of the degree of- opening, the cascade losses intensely increase. As the

presr~re drop in the cascade increases (as £ decreases),, when 6 = 1, the losses

inceease.--with partial opening, they decrease. The character of curves of CIE,)

for 6 = 0.15-0.5 is analogous to the loss cizrves for cascades with divergent

channels (Fig. 25). It may be considered that the flow processes are qualitatively

id-ntical in the cascades of'a rotary diaphragm with partial openings and in

cascades with divergent channels under off-designcondition.v. Actually, the increase

losses in divergent channels is connected with the formation h-f shocks and separations

(§ 7). A detailed analysis of the flow structure in cascades of rotary diaphragms

distinctly shows that behind the slot in the channel there ippear shock waves, and

the flow around the back and partially concave surface at the entrance is detached.

For dccreasing the los3es with partial operings it is necessary to design the

channels in such a way that the zones of separation are of minimumlength. As

shown'by experiments, the solution of this problem is attained by means of covering

the channels in the direction of the concave surface (variant A, Fig. 201b), rounding

the edges of the throttle strut (variant B, Fig. 201b), the application of slanted

entrance sections (at an angle of 60-700, variant B, Fig. 201b), decrease of the

convergence of the channels (variants B and B), and design of the exit sections

of the prolile according to group B profiles (Table 1),

In a number of cases, on the basis of technological considerations, the entrance

in the channel of the rotary diaphragm is straight (variant B). For increasing the

mid-radius of curvature of the concave surface, it is necessary that the length of

*The work t vs carr.tec out jointly by TMZ and MEI.
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the nozzle channel along -the center line be Celected somewhat largei thani in a

cascade c-ith slanted entrance.

The new profiles of rotary diaphragms. that ere esigiied -according to these

* recommendations, with full opening -(, = 0.9) have. small profile 16ste6s -the profile

With the slanted entrance section has C 3.Y'I; the Drofile with the straight

entrance section has Cnp= 3.7%,_

A,comparison of the losses in the initi&! variant :(variart -i. i:Fig, 201) and

in improved variants (B and, B) distinctly shows the -essentia' adiiantages- of the

latter both under design conditions, and also with decreuses pressure drops in the

cascade (Fig. 201b). - -

An experiment also showed that rotary diaphragms wit. a solid thr6ttle r

characterized IJ significantly smaller losses as acinpared to the fzequently

applied diaphragms with a divided throttle. This result is obvious, ,since in the

cascade with divided-throttle a considerable part -of the kinetic energy of the flow

at the throttle outlet is annihilated.bef~rd the nozzle cascade. 'In -the cascade

with solid throttle, annihilation ,of the energy of the flow occurs to -a lesser

degree.

Experiments in static conditions made it possible to determine the flow rate

coefficients, g = g(6). The-,result of the experiments confirm that in the zone

of operating conditions (el < 0.5) the flew rate coefficient p practically does

not depend on the pressure ratio and the- Reynolds numhber, -and can be determined by

the formula
Fi F,

11i L for 6

and
Pi ' IJ for h; > F/,

Here

where , t are the actual and theoretical flow rates through the cascade;

11 "0 0.98 is the flow rate coefficient with full opening;

FP and F1 are the inlet area (with full opening) and the throat area of thenozzle chanel;

f is the contraction ratio of the stream flowing from the throttle
slot, which varies within the following limits:

....... 1,0 0.8 0,5 (,25 .I
I. ...... 1.0 0,9:5 0.81 0i96 o.98

(-2
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B = 0,661 is the discharge coefficient; qo is the given flow rate.

An Important circumstance for the heat calculation of a stage ib the established

dependence of the outlet angle of flow from the cascade on the degree of opening.

As 6 decreases, the angle a,, first weak!y. and then, at small 6,. very intensely,

dereaLes [40].

-For obtaining reliable exerilnental data on the effectiveness of a regulating

stde with -rotary diaphragm, a~model of such a stage was tested in an experimenral

steam turbine. The basic -characteristics of the model stage are given in Table 19e-

Table 19. Characteristics of a Model Regulating Stage with Rotary Diaphragm
Mid-diameter, I Axial Radial 1 Number of I Upper Root Area ratio,
dmm I clearance clearance, strips of overlap, overlap, F/F 1

0-0 a mm 6 mm radial [ Al mm At mm
'a- . ," - ,- sealing, z, -

400 1A 1.4 2 2 1:.6 1.95

Nozzle Chord, b I Width,t I Im a 2 mm I mm aI 3 Thickness Number of
cascade MM 1B mm- of edge, 'blates z -

&mm

Profile 55 26.93 2.26 5.57 47.75 12020' 0.3 48
TC-P-BH-2 , z
TMZ 2

Moving b 2 mm B 2 mmt 2 mm a 2 mm1 2 I p284 A mm
cascade 2 _ 2_ 2 2_2_2____9

'Profile 25.5 25 16.5 6.41 51.3 220421 0.4 75
TP-3A, MEI

ExperLments were conducted bit MEI and TMZ for various diaphragm openings

and pressure ratios, e2 = p2/pO. The corresponding results are shown in Fig. 202

and 203. The dependence of inteynal efficiency on x. = u/c and the degree

of opening 6 qualitatively coincIde -.ith the corresponding curves for stages with

partial input. As 6 decreases, the efficiency of the stage decreases, whereby the

maximum values of %o are displaced in the direction of smaller x d. The

efficiency of the stage essentially depends on e (Fig. 202 and 203), whereby with

the growth of the pressure drcp to a definite e, the efficiency sharply increases.

The character of the change of stage losses, I - T)o!, depending upon 6, is analogous

to corresponding curves for a nozzle cascade (Fig. 201a). This circumstance gives

us a basis to confidently use the data of static tests of rotary diaphragms for staj,' !

cilculait Lon.

It w: experimentally established that with the decrease of the degree of

open Lng, 6, the reaction In the stage Increases. It may be considered that thic
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behavior of the reaction Is explatned by the sharp decreadse i velocity behind the

nozz,o cascade, c., and consequently, the growth of. the entrance angle of flow to

the moving cascade, 1 -)

CI

I "r !47 L_

e7 4-IS

7 ~Deflectors,
P-A

Deflectors I

41 4z 0 _4 Is 45 07 0.8 49

Fig. 203. bependence of losses in a stage with
rotary diaphragm (I - -1o) in the degree-of open-

ing 5 and the pressure ratio s, (e = 8 for variant I).

Of considerable interest is a comparison of the effectiveness of three types

of' regulating stages: I - with partial input; II - with rotary diaphragm and

solid throttle; III - with divided throttle. The available experimental data show

that the stage with rotary diaphragm and solid throttle occupies an intermediate

position and has indubitable advantages upon comparison with purely throttle-type

steam distribution.

A considerable L.nercase in the efficiency of a regulating stage with rotary

diaphragm and solid throttle may be attained by the application of deflectors

which cover the angle on the back or concave surface with partial openings* (Fig.

203). Variant II in Fig. 203, in a wide range of variation of the degree of opening,

*The design for a rotary diaphragm was proposed by M. Ye. Deych and V. V. Frolov.
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has an essentially higher efficency than variant I. Physically, this result is

explained by the fact that a decrease of the losses in ihe ,.,rottle with the

aplication of deflectors leads to an increase of the kinetic energy ehing the nozzle

c.scade, which "is utillized on the moving cascade.
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C 11 A P T E R VII

STAGES WITH LARGE.HARE

§ 35. STRUCTURE OF FLOW IN AIRIULAR CASCADES WITH LARGE
FLARE AT SUMSONIC VELOCITIES

In annular cascades with mall d/1 ratio, the flow o' -gas has a three-dimensional-
gradient character. Its- essntial features are: a) the presence of longitudinal,

transverzc, and radial pressure giadients in the channels 'and behind the cascade;

b) intens, variation of parameters and velocities mainly along the radius, and also

in circumferential aid! axial directions; c) nonuniformspatial distribution of energy

losses in channels and behind cascade.

The fLow Is formed in the vane channels of the nozzle cascade. Due to the

rotatlo, of' flow inside the channel ("twisting") there will form transverse and

radial pr, .;_tre gradients, while longitudinal gradients appear in connection with

the preo-ure drop on the cascade. Consequently, before it leaves the cascade, the

flow obtainu a structure whose specific features are connected with the curvature of

the vane channels, I.e., with the twisting of the flow.

.Spat.al nonuniformity of pressure fields in the channels causes complicated

secondary motions in the bouhdary layers on the forming surfaces of the channels.

Let uo consider the basic pattern of secondary flows which is represented in

Fig. 204. The middle blade, which is .tcpicted by the dotted line, and also the

4pprcr shrjud, art thought to be transparent, which makes it possible to note the

patLern of the flows on the concave surfau,, and on the upper shroud.

xIn , /anilning th, causes of th,. appearn.ncc of a radial gradient, it should be
borno in mind that tho flow at the exit mov-s r'n a field of centrifugal forces.
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Under the action of excess

pressure, on the concave surfac2 there

of-cur leakages in the boundary layers

0 ~7 on the upper and lower shrouds to the

- I back of the adjacent profile. Con-

Isidering the direction of the radial

pressure gradient (to the axis of

the cascade), it is possible to affirm

gV 0 4 M S 76 tj 0 Z. that the peripheral motion of itc
0 *-$ 12 2 2, A 1Si2J '172f,

40: to to 7u FS. boundary layer on the concave surface0 7 0j2 .* .

-at the blade vertex will be hampeked:

the transverseand radial pressure

. ~ ~ e IrN~ hI .~ gradients excite motion in the

Iboundary layer in different directions.

I. I In the root sections, the influence
, of these pressure gradients will be in

4, one direction. Consequently, the
Fig. 204. Diagram-of gas flow in boundary
layers of blades, and distribution. of radial gradient in the upper sections
parameters obtained by measurement at a
distance of 0.16bi behind a cascade with hampers tile secondary flow of the

cylindrical contours at M1 = 0.7 and R,, =

11.105;-0 = 2.88 (Pxperiments of L. Ye. layer on the concave surface, while in

Kiselcv, MEIr). the root sections it intensifies this

fl'w.

On the back of the blade, at the vertex and in the root section, the gradient

promotes Intensification of the secondary flows, since it displaces the boundary

layer in a direction to the cascade axis. The relsion of secondary flows at the

vertex is then displaced to sections of average height, and in the root part of the

bladej to the shroud. The last circumstance leads to a sharp swelling of the layers

in the root sections and, In certain cases, to separation.

These features essentially determine the structure of the flow behind the

cascade. An example of the distribution of velocities, stati- and total pressures,

angl,..,;, and losses along the radius behind an annular nozzle cascade with bladli's

having constant chord along the height (0 = 2.88, Ti = 3.1 mm), which are mounted

with inclination toward the flow with a continuous flow at root, is shown in

Pig. 2O4.

ihere one may distinctly see the intense increase of losses Ln the root and!
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,peripheral sections, whereby the zone of increases iosses amounts to about 15% of

the height.

In the peripheral sections, the radial extent of the zone of increases losses

is approximately the same. This result is explained by the less intense secondary

flows. in the root sections in connection with the iclination of the blades toward

'the flow (- = + 13o ) .

Theoretical and experimental investigations of annular nozzle cascades

distinctly showed that at small 0 in the root sections there can occur separation.

According to the theoretical data of K. Bammert and H. Klaukens, separations in-,

the root sections inside a cascade are sometimes ri zervied when 0 " 3 to 3.5.

Separations form behing a cascade at larger values b 0. Corresp6hding calculations

showed [65) that the critical quantity, O.p,. depends on the outlet angle of flow

a and the MI number. 'Figure 205a gives a curve 'for 6Op(a,() (Ca. is the outlet

angle of flow at the vertex) which was obtained in reference [13i]. 'According to

these data, as cR increases, the value of 0 decreases; consequently, separation

appears at smaller 0.

The cause oj' separation in an annular cascade, according to K. Bmert and

If. Klvkens, consIsts in the following. With an increase of cascade flaie '(a

decrease of 0 = d/Z) and r. = const for a constant pressure drop pO - pix in

the root section and outlet angle at the vertex-ai, the pressure drop at the

vertex will decrease. The velocity at the vertex ai then decreases, and together

with it the axial component, caIS = ci11 sin an. Considering a cascade with a

uniform field of axial outlet velocities, it is simple to make the conclusion that

the volume flow rate through the cascade, which is equal to

Q = Fc1, = 2.tr 4 c(OW

where r is the radius of the root section, will be an extreme function of 0 d/1,

since with the decrease of 0, the magnitude of ci a decreases, and r increases.

A, a (,haracteristic or" the change of the flow rate through the cascade, the

authors of [131] took the dimensionless set

;;' ;- (;;-
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(or 1/Ap), the change of which, depending upon

r,/r. = 0 - 1/0 + I, is shown in Fg. 205b

for two methods of twisting the nozzle blades

(ciur = const and a const). The dot-dash

line differentiates the :region-of continuous

and separated flow, in *he cascade and makes it
Un 5 w jp , possible to establish the ,criticai value of

a)
#4F, which is shown in Fig. 205a.

A corresponding diagram of ,separation is

illustrated in Fig. 206. In the, opinion of

the authors of [131], the lower branch of the

flow rate curve corresponds to unstable motion

VI and separation should occur when e g e,

AAs

42/ 4? 5 qa~-

b) p', off Zone of separationt

kHg. 205. Characteristics of Fig. 206. Diagram of the appearance of
separation of flow in an annular separation of flow in the root sections of
,cascade: a) dependence of crit- an annular cascade, according to K. Bammert
ical ratio (6,p - i)/(%- + ) nd H. Klavkens, and the distribution-of

isobars behind the annular cascade.
= (r /rn)xp on outlet angle of

flow 111 at vertex; b) dependence Tis liagram of the formation of separation
of relative pressure drop, ig At,
on hub-tip ratio rx/r n = is not satisfactory because it is not connected,
= (6 - i)/(O + i), with cui. with the physical causes that deternine tha
= const - (solid curve) and
al = const - - - - (dashed curve), appearance of separation.
Curves: I - for blades mounted
radially along the flow; 2 - for First of all, it should be emphasized
inclined blades. that the theoretical and experimental invcsti-

gations of separation were conducted for an

Isolated nozzle cascade and the correspend. 1

conclusions cannot be completely extended to a stage.

Turning back to the physical causes that explain the separation of flow in

the root section, let us note that such separation is possible in the presence uf
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diffuser sections of flow in the slanting shear., or behind the cascade. Diffuser

sections in the slanting shear can appear only as a result of incorrect meridional

profiling of the cascade or due to secondary motions of the gas, which are C)
caused by radial and transverse pressure gradients.

A diffuser section behind an isolated nozzle cascade always appears as a result

of twisting of the flow. If the longitudinal pressure gradients are sufficiently

great there, separation of flow will occur. Positive pressure gradients toward

the flow increase with the decrease of e and a1 , since the radial difference of

pressures and, correspondingly, the difference of pressures between the external

medium and the root gection of the cascade, increase in this case.

In a real svage under design conditions, separation of the flow IS the-,rcot

section in many cases is not detected, since the moving cascade "removes" the

twisting and balances the fVeld of static pressui:es on a short section along the

axis of the stage.

It should be emphasized oice again that both in the quoted reference [131],
and also in the investigations of M. Ye. Levina and P. A Romanenko [65], the

seperation detected is not related to the appearance of diffuser sections at the

cascade hub. On the basis of a theoretical consideration of the problem, a statems'It

cal be made about the fact that the flow rate is an extreme function of the hub-tip

ratio, r ./r. (Fig. 206).

At the same time, the experiments of [65] and other investigations distinctly

confiin' the presence of diffuser sections behind a cascade (Fig. 206). The

structure of the flow behind a cascade in the presence of separation in the root

section is characterized by the graphs in Fig. 207, which are based on MEI

-'periments with TC-1A blades of constant profile. The characteristic distribution

of static pressure should be noted: in a certain section p. reaches minimum and

then increases toward the root (Fig. 207). In the presence of separation, the

distributton of stagnation pressures, velocities, and angles becomes especially

nonuniform.

It should be noted that the appearance of separation in the root sections leads

to the appearance of considerable radial velocity components, since the flow is

driven away to the periphery (Fig. 206). The outlet angles to the meridional

plane, v, essentially increase, and the nonuniformity of distribution of v

along the radius increases.
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Fig. 207. Distribution of velocities, static and
total pressures, angles, and stagnation tempera-
tures in various sections behind a nozzle cascade
with the appearance of a separation of flow in the

root sections: M, = 0.72; Re,, = 4.5.Q105; e = 2.88;

11 = 3.1; a 1 5n = 13; . = i0° "

Both in the presence of separation, and also with a continuous flow, in the

annular space behind a cascade there occurs spin-up of the flow, in the process of

which the static pressure and velocities are balanced, and the angles of the

velocity vpctors increase. The region of separation noticeably increases in the

radial direction.

The character and intensity of the spin-up essentially vary, depending upon

the method of the experiment and, in particular, on the boundary conditions

provided at the outlet behind the cascade. In connection with the reverse influrnce

of dist.urbances in the subsonic flow, the structure of the flow in an investigated

section, depending upon the outlet conditions of the cascade, will noticeably

change.

Several diagrams of the organization of the flow behind an annular cascade

are possible (Fig. 208). The most correct are diagrams d) and e) with a spin-up
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compressor cascade IHI or with a

J rotor wheel IV. The last diagram

_-. f-' N corresponds to the natural conditions

of flow in a stage withan enlarged
a) b) c) axial clearance. Rotation of the

. ,,
YL iv moving cascade with various speeds

makes it possible to change the

d) e) ' degree-of spin-up and create the

Fig. 208. Various diagrams of the organi- necessary conditions behind the nozzle
zation of flow in the investigation of
annular cascades. cascade, which correspond to its

various operating conditions with the

change of u/c . The installation of a rotor blade apparatus V in all diagrams on

Fig. 208 may change the entrance of flow.

The rotor wheel essentially affects the structure of the flow behind the

nozzle cascade, since it spins up the flow and changes the character of the flow

rate distribution along the radius. The necessary law of flow rate distribution

can be carried out by the application of screens II or washers. An analogous

problem was solved by means of selecting cylindrical surfaces for the hub and

outer contour of different length (variant c).

Unfavorable results are given by testing a cascade with a long annular offtake

(variant b). With such organization of flow, developed separation zones and

distortion of the fields of static pressures and velocities are observed, which

is not characteristic for the cascade in the stage. Distorted results are also

obtained with the use of diagram a) with short deflectors behind the cascade. In

this case, the flow obtains the pressure of the external medium directly behind the

cascade, which distorts the field of pressures and velocities in the investigated

section.

The simplest to use, diagram c) (Fig. 208), requires careful preliminary

adjustment, whereby the length of the boundary surfaces at the root and periphery

should be varied with the change of the geometry of the cascade and the conditions

of flow.

Special attention should be given to the nonuniformity of distribution of the

stagnatiun tomperaturcs along the radius behind a cascade; this nonuniformity was

established in all experiments conducted at MEI with annular cascades. The

indicated nonuniformity is confirmed by the graphs in Fig. 207.

6
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An hypothesis on the temperature nonuniformity' in nozzle cascades was

expressed by M. E. Deych in 1957; in 1961, _G was confirmed experimentally at MEI.

As can be seen from Fig. 207, the stagnation temperature behind a cascade

increases from the root to the periphery, whereby the most intense change tel is

revealed in the sections located at the hub. The change of the stagnation

temperature btel in percents of the heat drop expended in the cascade amounts to

about 10-15% at M1. 0.7 and Re, - 5.105 for a cascade with = 2.88.

This Important feature of the twisted flow behind a cascade should be considered

both in cascade calculations, and also in the treatment of experifrental * results.

It may be considered that the temperature noninformity * behind a, cascade

is connected with the vortex effect of temperature separation of gas, which

is analogous to the Hank effect. The basis of this effect is the turbulent

transfer of energy by the vortex moles which are generated in a flow with nonuniform

velocity distribution. By the action of centrifugal forces, the vortex particles

are transferred to the periphery, whereby the total energy of moving gas is

also increases.

A more detailed investigation of this effect is given in § 41.

§ 36. TIE INFLUENCE OF CERTAIN GEOETRIC AND PERFORM4ANCE PARAMETERS

ON TRE CHARACTERISTICS OF ANNULAR CASCADES AT SUBSONIC VELOCITIES

Let us consider the influence of certain geometric and performance parameters

on the structure of flow and the losses in an annular cascade.

Let us turn first of all to the data which illustrate the possibility or

removing separation in root sections in cascades with various flare.,(including

those for e < o,,).

For this purpose we shall consider the results obtained for a cascade with

9 = 2.88 (Fig. 209), which was tested with various blade inclination, and also other

cascades of constant chord with variation of the angle of inclination. Separation

in the considered cascade could 'be removed by means of changing the blade angle.

Even radial blade mounting could decrease the separation zone. Inclination of the

blades toward the flow at a small angle y led to a sharp decrease of losses in the

root sections (Fig. 209).

xWith respect to stagnation temperatures.

*"For calculation of the velocities behind a cascade, according to experimental
data, tne stagnation temperature at the entrance is usually used, which can lead
to noticeable errors, especially in the root sections.

-With respect to stagnation temperatures.
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Fig. 209. Influence of blade inclination on distri-

bution oi losses behind a cascade. Blades of con-

stant profile TC-A; = 2.83; T = 3.i1 ain = 3;

a±l 100; Mi = 0.72; Rei = 4.5 -I0
5 (NEI experiments).

The effect of blade inclination is also detected when determining the outlet

ngles of flow behind a cascade in the meridional plane v-. As can be seen from

SFi. 209, inclination of blades toward the flow, = -10, leads to negative angles

v, i.e., to the appearance of radial, velocity components directed toward the cascade

~axis.

Slight inclination of blades toward the flow makes it possible, due to con-

traction of the flow toward the axis of rotation, to lower the 'losses in the root

sections In connection with a decrease of the intensity of the diffuser sections.

In this case, the diagrams of static pressure behind the cascade turn out to be

more sloping (the intensity of change-of the reaction along the radius decreases),

which leads to a decrease of twisting of the rotor blade.

However, it should be emphasized that full balancing of static pressure along

the radius is inexpedient, since in this case it is practically impossible to attain

an axial outlet of flow behind the stage (a2 = 900). Consequently, the losses

with the outlet velocity will be increases. Furthermore, large angles of

inclination of the nozzle blades lead to a considerable growth of profile losses

and losses in the peripheral sections.

As an Illustration we shall consider the results of tests of four annular

cascades (0 - 8) with various angles of inclination of trailing edges: y = -20o,

-80, 0, and +200, which were conducted by G. A. Filippov (Fig. 2i0). Graphs

of the losses distinctly show that within the limits of the change of 7 
= -80 to +80

-340-

iI



the profile losses in various

sections practically do not

,5  rr change and they amount to

_ _ _ 15 2-2.5%. When y = 420 0 and

-= -209 the profile losses

J-2A 21-20*t increase to 3%. This result

is explained by the fact that

- -; flow goes around tie profile
-20 -10 I I w z ., a along the slanted sections,b ) " b )

whereby the shape of the

Fig. 210. Influence -of blade inclination on the
characteristics of a nozzle cascade:, a) change streamlined profile depends on
of total losses and difference of reaction in
nozzle cascade, depending upon angles of inclina- the shape of the initial
tion, y; b) distribution of losses along heightof nozzle cascadeTC-iAJ for various values ,of profile and the blade angle -y.

blade angles: - = 8.3 and 0.93. Total cascade losses remain

practically constant within the limits of change of angle y = -6 to +14° .

Figure 210a also Illustrates the dependence of the difference of reactions in

the peripheral and root sections on the edge angle y. When the blades are inclined

toward the flow (y > 0)this difference donsiderably decreases and, when y = 25 to

300, the reaction along the radius becomes constant (for a given stage with 0 - 8).

In accordance with Fig . 210, let us note that the convergence of experimental and

calculated [see formula (223)] values of Ap is satisfactory.

Distribution of losses along the cascade height is shown in -Fig. 210b. For

negative -dge angles, considerable losses are found in the root section, which is

explained by the appearance of separation there. For cascades 4ith positive edge

angles. i.e., with contraction of flow toward the root, the losses in the peripheral

sections increase.

The influence of the inclination of the trailing edges must be considered

jointly with meridional profiling of the nozzle cascade. Thus, for instance, the

design of' the upper shroud of the nozzle cascade with contraction (Fig. 21U) makes

It possible to sharply decrease the losses in the peripheral sections and thereby

balance the diagram of losses with respect to height. Total losses for y = +200

decrease from 5.2 to 4.3%. In this case, both factors (meridional profiling and

Jnclination of edges) promote a decrease of the gradient of static pressure in tie

clearance. The difference of the reactions, Ap = pn - pu , for a cascade with

meridional contraction, decreases to Ap = -2% (instcad of' Ap 5% for a cascade
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only with inclination of edges y = +200).

It should be considered, however, that for a different stage flare and other

shapes of the meridional contour, the influence of the inclination of the edges - )

can be quantitatively different.

By comparing the obtained results with the curves shown in Fig. 209, ,for a

cascade with 6 = 2.18, having cylindrical generatrices, it is easy to note that

for such a large flare, even an insignificant inclination of the blades leads to

a sharp change of the distribution of losses and static pressure along the radius.

The distribution of losses along the height, with the change of the blade

inclination, changes analogously to how this was noted for the cascade with 9 =8 0

(Fig. 210). However, with the decrease of 0, the cascade becomes more sensitive

to the inclination of the edges.

The graphs presented in Fig. 209 and 210 make it possible to estimate the

influence of blade inclination of the distribution of losses, outlet angles, and

reaction along the radius for n6 zle cascades with various flare.

The logical developmint of a cascade diagram with inclined blades consists

of the application of the curvilinear blades proposed by MEI. In these cascades

it is possible to work out

San arbitrary law of change

1 of the reaction along the
3 21 radius. The principle

Sof constrction of blades

a•l- . with curvilinear trailing

edges is shown in Fig. 211,

where the blade inclination

W 4 2 43 44 45 p toward the flow is variaole

Fig. 211. Dlagram of a nozzle cascade with large
flare and curvilinear (saber-like) blades (MEI cas-
cade), and distribution of the reaction along the in accordance with
radius behind nozzle cascades. Curves: I - radially
mounted blades; 2 - blades inclined toward flow; 3 - this, such a change of the
c:,rvilinear (saber-like) blades.

reaction along the radius

is ensured, at which the radial pressure gradient in the root sections is minimum,

increases in the mid-sections, and reaches maximum values in the peripheral s, ctions.

A decrease- of the radial pressure gradient in the root sections lowers the intensity

of leakalres of the boundary layers, and thereby the losses in these sections. The

contraction of the flow toward the hub also prevents separation on the internal

cylindrical surface.
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The blade camber in the peripheral sections and, correspondingly, the change

of static pressure along -radius in this zone of flow, depend on the shape of the

maridional contour of the cascade. For cascades with a conical flow area, the

9 blade camber is determined by the cone angle of the upper contour and is founi

experimentally.

Figurs- 211 shows the distribution of the reaction along the radius behind a

nozzle cascade for three variants: radially mounted blades, blades with inclination

toward the flow, and curvilinear blades. An experiment confirms the possibility of

working out such a law of change of the reaction (static pressure) along the radius

behind a nozzle cascade, which ensures minimum losses in the nozzle cascade and the

most rational structure of flow in the stage.

The distribution of losses along the cascade height and the change of the

total losses depending upon the M 11 number is shown in Fig. 212. Here for a

comparison, corresponding curves are shown for a cascade with radially mounted

blades. This series of experiments distinctly confirms the expediency of employing

nozzle cascades with curvilinear blades. In the root sections (Fig. 2i2a) the

losses are considerably less than in the cascade with rectilinear, radially mounted

blades. A lowering of losses is also noted in the mid-sections, especially at

large MI numbers. When M, - 0.6, in the peripheral: sections there is observed a

certain increase of losses in the cascade with curvilinear blades. However, with

the growth of Mi there occurs a redistribution of losses along the height: in the

root sections increases, and it decreases in the peripheral sections, whereby

the total losses noteceably decrease (Fig. 212b). The advantage of curvilinear

blades is especially great when Mi = 0.8 to 0.9. In this zone of velocities the

total cascade losses decrease by 2-2.5% as compared to the cascade with rectilinear

blades.

An expecially considerable effect of curvilinear blades is found for annular

cascades with a conical upper contour. In connection with the decrease of total

convergence of the vane channels, the total losses in the two cascades being cumparu

noticeably Increase. However, In the cascade with curvilinear blades, this iricroas'

of . turns out to he less essential, and in the optimum zone of velocities the gain

from, the application of such blades amounts to 3-3.5% (Fig. 2i2b).

It should be no'ted that the two types of cascades that were compared had

identical absolute valnes of angles a, , and an identical law of change of angles

a iL with respect to height.
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a) b)
Fig. 212. Experimental characteristics of annular cascades having
curvilinear and rectilinear blades with cylindrical and conical gener-
atrices (experiments of G. A. Filippov, MEI): a) distribution of losses
along radius for various M, numbers (cylindrical contours). b) change of

total losses: I - for rectilinear, and 2 - for curvilinear blades;

Rei = 6.105 ; e = 4.3; Ta = 3.1; i6°; =iO;

The results of the considered experiments distinctly confirm the expediency

of employing curvilinear blades which make it possible to increase the efficiency

of large-flare stages.

Returning to the results of the investigation of cascades with rectilinear blades

(radially mounted), let us note that a considerable number of the conclusions made

on the basis of the experiments may be also extended to cascades with curvilinear

blades.

In this connection it should be emphasized that the application of blades

that are Inlined toward the flow or curvilinear ones makes it possible to essentially

decrcase the critical ratio 0 ,p (see Fig. 205) which determines the continuous

flow in a nozzle cascade. Thus, for instance, when a1  150, the quantity G0

decreases Vrom 0 = 3 to 0 2.5. In another method of twisting the nozzle
lip lip

blades, the decrease of 0 is also considerable.

Important results were obtained at the LMZ laboratory* in an investigation of

the Influence of the entrance overlap in a nozzle cascade (Fig. 213). As the quantity

-IThe operiments were conducted by A. 0. Lopatitskiy and M. A. Ozernov.
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Fig. 213. Influence of overlap at the entrance to an annular nozzle cascade
on: a) distribution of losses, b) static and total pressures. When e = 4.7;
Re_ = 5"105; MI 0.5. L4Z experiments.

= - o increases, the cascade losses intensely ificrease, especially at low

velocities (M1 numbers, Fig. 213a). It should be noted that with the increase of

INT there is an especially intense increase of losses in the peripheral sections.

The field of stagnation pressures behind the cascade takes on the characteristic

• nonuniformity (Fig. 2i3b)., *-lkth the change

--~' --- lI , q ci <. ."I of the overlap, the distribution of staticI, I .' ;> , I .. j -
! / I A .. ,pressure along the radius also changes. Due

i ., to the separation of flow and the formation

of a vortex zone, the pressure in the periph-

0. . eral sections decreases. As the Mi numberJ 1-- increases. the negative influence of overlap

-- " - "1 -- decreases.

As can be seen from Fig. 214, the conic-

', ity of the upper contour of a nozzle cascade

' " also leads to a growth of losses in the

L - .peripheral sections. Experiments show that
with the increase of conic',ty and, thereby,

Fig. 214. Influence of the shape of
the upper contour of a large-flare with the decrease of chanral convergence, the
nozzle cascade: variants, 1, 2, 3 -
LMZ experiments; variant 4 - MEI ex- losses in the upper sections increase the
periments: M, = 0.5; Re: = (3 to

same as with an increase of overlap. Accord-
ing, to the LMZ experiments, variants 2 and 3

(lave poor results as compared to variant I (Fig. 2ill) for At0  0.13. Varlant 14 of

the upper contour, with small cone angles and low values of al, gives smaller

cascad, losses.
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The design of a cascade with upper and lower conical contours and edge

inclination toward the flow makes it possible to balance the diagram of losses at

the ends wLth the same value of Z. The application of an intricate coni e-i-

cylindrical contour somewhat decreases the losses in the upper sections. -

An investigation of the influence of twisting of flow at the entrance to a

nozzle cascade with a conical contour, which was conducted at .iI, shcwed that a

decrease of the entrance ahgle'c- < 900 does not lead to a considerable growth of

losses in these cascades.

The influence of flare on the distribution of losses along the height and

the dependence of C(e) for an annular cascade-composed of blades with constant

profile, mounted radially, may be estimated according to Fig. 215. Here one may

distinctly see the sharp growth of losses in the peripheral sections and especially

in the root sections with the decrease of e- g 5- Total losses -vary slightly in

the interval of 6 -: e : 15.

10 _~I - -

lnintion on blades

S A

*U 42 41 06 48 i.Y/4 2 3 4 5 6Ur/

Fig. 215. Distribution of losses -along blade height
and their dependence on parameter 0 in an annular cas-
cade with various flare. Profile TC-1A; Mi = 0.72;

Rei 5--1 5 (MEI experiments).

The above-considered results of experiments pertain to cascades with cylindrical

blades, whose relative pitch varies essentially with respect to height with large

stage flare. A noticeable increase of the effectiveness of nozzle cascades is

noted when the blades are designed with constant (optimum) relative pitch with

respect to height (variant II). This condition can be maintained for various laws

of twistinl of blades, a,(7), and also for rectilinear, inclinea, and curvilinear

blades.

A comparlson of the results shows that when a cascade is designed with optimum

pLtch, mnd Inelined blndes (or curvilinear blades) the distribution of losses along ( )
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the height is considerably more uniform, and the total losses are intensely lowered.

However, these results were obtained for cascades with cylindrical generatrices

and for comparatively high Reynolds fiumbers. A decrease of the ReI number can lead

O to a noticeable growth of losses. Actually, as may be seen from Fig. 216a, the

total losses essentially change depending upon Rev. especially at small Re 1.5
to 52."O0.

-Nw0 -" --

,0 v-ioo - ,.

a). b)

Fig. 216. Characteristics of annular nozzle cascades:
a) influence of Rei number on losses C in annular cas-

cades with large flare; b-) change of critical number,
M±*m , depending upon 0, for various cascades: I - ra-

:dially mounted blades; 2 - inclined blades, ym = +100;

3 - inclined blades, 7m = +260; 4 - curvinlinear blades.

Let us note that in annular cascades the region of Re. self-similarity is

attained when there is a continuous flow for different values of Re1 than in

two-dimensional cascades.

It may be considered that the ReI that corresponds to the region of self-

similarity will depend on the geometric parameters of the cascade and, in particular,

on the flare (0).

Cascades with constant relative pitch with respect to height are characterized

by a more uniform distribution "f Re. numbers along the radius; however, in the root

sections the ReI numbers will be lower as compared to a cascade with constant chord.

With a continuous flow in the root, the losses will Increase with the decrease of

Re 1 . Consequently, the law of change of relative pitch (chord) along the radius at

subsonic velocities must be selected on the assumption of minimum losses for the

given distrbution of velocities and angles along the radius. By no means does the

constancy of" relative pitch always lead to minimum losses, since the quantity

il,, dcpends on thp Rei number (see p. 1190).
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Thus, the selection of a law of change of the chord of a nozzle cascade along

the radius is carried out by means of variant calculations and on the basis of the

experimental characteristics of the losses and angles obtained for various Rei  (9

numbers.

It is necessary also to consider the shape of the meridional contours of a

cascade. For conical upper on lower contours, the flow at the entrance to a

cascade can be divergent. In these cases it is also expedient to disregard the

condition of constant relative pitch with respect to height, and to design the

blades with increases width at the vertex, for which it is possible to ensure a

more convergent flow.

The influence of compressibility on the characteristics of an annular cascade

esgentially depex.s on the flare 0. Depending upon this quantity, the distribution

of velocities behind the cascade along the radius changes, whereby the smaller e is,

supersonic velocities are reached in the root sections at smaller drops in the

mid-scction. Consequently, for annular cascades it is expedient to introduce

such a critical M±*m number on the mid-sectioh, at which M. = I is reached in

the root seclon, Mi*m depends on the flare of the stage, the shape of the profile,

and the geometric parameters of the cascade. It is obvious that with the decrease

of the intensity of change of the reaction along the radius, Mim will increase

(Fig. 216b).

In cascades wtth a decreased gradient of static pressure along the radius

(incl2ned and curvilinear nozzle blades) the Mijm number is increases.

At subcritical velocities and continuous flow, an increase of the M number

leads to a lowering of cascade losses, especially in the root sections. Total

losscs also are lowered, which is explained by the increase of the conver6,.nce of

flow with the growth of M1 . In case of the appearance of separation in the root

sections, an increase of M leads to a growth of losses, in connection with the

fact that the separation zone is displaced against the flow, since the pressure

gradients are increased.

In connection with the considered question concerning the influence of flare

on the characteristics of an annular nozzle cascade, let us note that with correct

profiling it is fully possible to decrease the ratio 0 = d/1 in such cascades to

?.2-2.11. In comtcqporary deisgn of last stages the optimum cascade flare reaches

0 " 2.6-.3. A further lowering of 0 to the indicated limits may be carried out by

the applicntion of curvilinear (saber-like) nozzle blades, and also combination

Incllned tnd ,-urvLlLnoar blades of varLable chord and variable profile.
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Corresponding experimental data on annular cascades with such flare (not yet

obtained), and also new, more exact methods for calculating three-dimensionsl

flowo are necessary.

§ 37. APPROXI4ATE METHOD OF CALCULATING THE FLOW IN A

NOZZLE CASCADE WITH LARGE -FLARE

As shown above in § 35 and 36, the structure of the flow in annular cascades

is intricate. In attempts of an exact mathematical solution of the problem there

appear practically insuperable difficulties. There~ore, all the available solutions

are based on-some simplification of the problem-

At present, two approaches to the calculation of three-dimensional flow in

annular cascades and in a stage are possible.

The first method, the most popular one, is baled on the application of equations

of three-dimensional flow toward the sections at the entrance to a stage, in a

clearance, and behind the stage where the flow in a circumferential direction may

approximately be considered as uniform.

The second method can be -used to calculate the three-dimensional flow in vane

channels, by applying the channel theory for caiculation of the potential flow, and

then considering the three-dimensional boundary layer in the channels of the nozzle

and moving cascades. Taking into account the specific boundary conditions, the

flow is calculated in characteristic sections outside t'e channels (in clearances).

Thi approach is more promising; however, the first method is being employed at

the present time, -since it is less complicated and tedious.

The solution of the problem by this method can be obtained with a various

degree of approximation to actual conditions of three-dimensional flow in the flow

area of a stage. At the present time several methods of calculation have been

proposed, which are based on various assumptions concerning the rational structure

of flow in the flow area. However, most of them do not consider the influence

of certain essential design parameters of the stage and gas-dynamic factors, which

distinguish the actual flow from an idealized diagram.

The exact theory of a stage should be based on the solution of equations for

three-dimensional flow of a gas. For an ideal fluid and steady flow, the Euler

cquations in a cylindrical coordinate system have the following form (for an

obsolute flow):
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C-, r~ * a. r 2

.+. a-. , a-. -*C. F -r _ a (186) C
c4. +. r 4J 00 , d- l di j

Here Cr, CU, and ca are the radial, peripheral (tangential), and axial components
of velocity;

r is the radius;

0 is the vectorial angle;

V z is the distance along the axis of the stage;

FrI F0 , and Fz are the components of the external forces of influence of the
flow.

Equations (186) can be written in Gromeko-Lamb form:

•W 2i r-i OpL r
sy s m ( c ̂  w,)a y b e e , si m(1 ) O

where

2 i Oz t *~ (188)

are the components of the angular velocity of rotation of an element of gas.

Cons I~erIng an axisymmetrie problem, i.e., assuming that the parameters of

the gas and velocities do not change ( /aO = 0) in a circumferential direction, the

systems or equations (186) and (187) may be essentially simplified. This assumption

is equtvalont to the assumption concerning an infinite number of blades of a nozzle

cascade and rotor wheel and it facilitates possibility of studying the influence

of' a number of important factors on the structure of flow in the clearances of a

s tage.

A second widely employed simplification consists in the fact that the radial

velocity components are assumed to negligible (cr $ 0-).

It is possible to show that for a steady flow of an incompressible, ideal fluid,

the assumptions on axisymmetry ( /60 0) and the absence of radial velocity
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components (cr 0) are equivalent to the assumption concerning the constancy of

velocity circulation along the height of a nozzle blade.

Actually, in this case the equations (186) taike on the following form (Fr

- 0 C a(186a-)
& -. I g I oj

Considering the flow at the entrance to irrotatiohal, from equations (188). we

wiji obtain

k -=0 0

or Oroe .

Equations (186a), also for the assumptions (188a) made above, have a singular

solution, i.e., cur = const and ca = cdnst, which is a characteristic 6f potential

(irrotational) motion with constant velocity circulation.

It should be emphasized that equations (187), which are Euler equations (186),

also lead to the indicated solution, since for 6/ e = 0, cr = 0 and Fr F2 = 0 give

l.ap4

Qdr -r

a !t (187a)
W'C" - W', ' = 0

There directly follows an equation for the relationship between the axial and

tangential velocity components:

dtr -F 0

or

For the case when 6/ 0 / 0 and cr 0, the relationship between cu and ca is

expressed by the equation

r,, &r, Or, I O~r,,,)' ,0 (I o( -i-- --7 7-c C,, W , - , 7F "-U;_ (8-
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Consequently, the error caused by the use of equation (187b) is estimated by

the first two terms of equation (187c). It should be borne in mind that in this

case the conditions of the constance of circulation (cur = const) and axial velocity C)
components (ca = const) are not Jointly satisfied.

A method for calculating the influence of the. curvature of flow lines; the
conicity of the flow area, and the forces of the influence of blades on the flow

is given below; the method was formulated within the scope of assumption concerning

axial symmetry of a steady flow.

We shall assume additionally that the flow in the nozzle cascade is continuous

and that there is no energy exchange with the external medium..

In the considered case, equations (186) will be converted to the following

i**

following form:

-d, +dc s

_! " = F, -P

where the terms entering the equation are shown in Fig. 2t7.

[ cm is the velocity in the meridional plane;

i1 is the radius of curvature of-a flow line in the meridional plane;

v is the angle between the meridional and axial velocities;

s is the length of a flow line in the meridional plane;

F r and F0 are the radial and tangential force components of the influence of blades
on the flow.

i Forces Fr and F0 are connected by the relationship

g- , .; (191)

'y is the blade angle (Fig. 217).

wIt should be recalled that total radial acceleration cr/t does not contain

local acceleration bc./t, since the motion is considered to be steady.
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Fig. 217. Geometric
characteristics of the I
flow area of a turbine
stage: a) with recti-
linear blades; b) with
saber-like blades. rep

b)

The tangential force component is determined by the formula

F=c .

In equation (190) it is possible to disregard the quantity dC/dsm sin v/2 in
connection with Its smallness as compared to the first term cos . Assumingthat the terms crS/ r and crc/r are small (radial velocity components are small),

with the help of equations (189), (190), and (191) it is simple to obtain the
following differential equation for radial equilibrium of the flow in a nozzle

cascade:*

TO-.C svc tg) (192)
R adius R. is considered to be positibe, -if it is directed to the axis of the

stage., In this case the curvature of the flow lines leads to a decrease of the
radial pressure gradient.

Angle y is determined from the triangle 0i00m (Fig. 217): -

YThe method, which will be dicussed later, was developed by 0. A. Gilippov.

( )
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R __o0__1 (193)
-sin 4 sint9'-- V)

- andz
and, . =__ (194) o
With the help of formulas (193) and (194), after simple transformations, it is easy

to obtain

20--- t l.' (195)

For the root section, formula (195) has the following form:

•sin y,, =- N r "

It is clear from Fig. 217 that angles -y and -y for curvilinear blades have

opposite signs. If we assume that the angle of inclination in the root section is

positive, the angle at the periphery will be negative. The radius R is then

expressed by the following formula:

R = 2r~s~ ¥ --.,,ny.)"(196), . ,
After substituting formula (196) into equation (195), and designating

A, =r sin y - r. sin V.,

and

As r. sin V,,,

we find

sin , r - . (195a)

For a small blade angle, it is possible to stage approximately that

tg y . sin y. (195b)

As shown earlier, the blade angle along the radius changes its sign. This

means that on a certain radius the angle of inclination is equal to zero. For

findint, thy radius which corresponds to the zero blade angle, we shall equate the

cvxpression for sin y to zero. Then, by formula (195a), we will obtain

r. (r2- r2) At , 2 (197)

Here r0 is the radius which corresponds to the zero blade angle.
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If the blade angles at the root and on the periphery are equal with respect

to absolute value, then r0 is determined by the formula

Let us now express the velocity components:

and

eg t c / e. V (198)
+ '. tg a = - - .

The velocity in the meridional plane, cm, is determined by the following

expression:

e. i +. (199)

Let us assume an approximate law of change of the peripheral velocity components

along the width of a nozzle cascade B in the following form:*

2+ (200)

where cul is the peripheral velocity at the nozzle cascade exit;

B is the width-of the nozzle cascade profile.

After differentiating expression (200) with respect to z, ,and substituting

equations (195), -(198), (199) and 3cu/bz into equation (192), we write the result

for the outlet section, in which: z = b, a = a,, V = VI c = ci, etc. We then obtain

1 @,2V C2~v  a t, COSV,
- " = cos'v+tg* a, r (cOs'v,- tg:,tR,

22

1 -5/- A, +As/ 'C2) tg C!" CO2 " (201)
r 28 t,2_, r2 , csv, + tg'a,

*This assumption means that into the calculation there is introduced a certain
unreal blade surface, whereby on the trailing edge the force from the blades, F0 =

* ca6cu/0r, does not become equal to zero, as follows from formula (200). However,

in accordance with the assumption on the axial symmetry of flow in the clearanc.,
this force must be equal to zero. The contradiction contained in the cunsiderod
method is corrected by an experiment, which clearly confirms that the indicat.d
force does not disappear in the plane passing through the trailing edges and in I
cleaqrance; whereas on the edges it has a maximum value. Coordination of Ltp fil.w
lin.se; In a channl and In a clearaneo is carrIed out by the introduction of oxp,,ri-
mental correct.i.ons (soc below).
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( ' ,Iy. . ..- ,- -_ : - .. ... . ,

where c and aI are the absolute velocity ang outlet angle of flow in the outlet
section of the nozzle cascade;

V, is the angle of inclination of the 2low line in the outlet section
-of the nozzle cascade. C)
For practically applied angles a1 with small changes of the angle of inclination

of flow lines vi it is possible- to approximately consider that

_ _ T ;:t c o s t % a .
tty

MV., 1T Was

Then

, ap, 4caa', 4sin',
QIr R8 ,ccsV1

4sirt _____ A,+A, (202)

We shall now use the energy equation for a stream of gas in the following form:

_= _,(203)

where i0 is the- enthalpy of the stagnated flow;

It is the enthalpy of flow at the end of isentropic expansion in
a nozzle cascade;

c and cit are the actual and theoretical flow rates at the nozzle exit;

7i is the efficiency of the nozzle cascade.

*We shall differentiate the left and right sides of equation (203) with respeqt

to the radius
14 , .- " i, , a 0q , . a,,

-, -7; =--"--.(204)

Assuming the constancy of total energy along the radius (io/Zr = 0) and

considcring that

we shall present the energy equation in the following form:

op, 4,,, O (205)
Q F- = -'y- - F, - -

Here we assume that Pit PI, i.e., that the density lehind a cascade in

actual and thcoretical processes is identical. This assumption does not lead to a

no iceabl( error in the case of subsonic velocities. For supersonLc veloett1s the

density ratio is determined by the following formula (221

k - .6I
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where X is the dimensionless velocity behind the cascade for the theoretical

process.

Equations (205) and (202) will be solved Jointly. Then we will obtain

0 &IW_ i sinta1

2q2 RCOSY
Ss21 a ,,,,osv

28r k,2 A,.;- Ai )].(206)

Equation (206) reduces to quadratures. Integrating with respect to z = B,

i.e., for a section at the trailing edges of the profiles, we obtain

-- 1 -exp"' dr- sr. dr--rig log e- r - . , cogv,

-A A, +A, . (207)
r'I

Equation (207) serves for calculation of the velocity distribution along the

radius at the nozzle cascade exit, tadking into account the curvature of the flow

lines and the influence of the blades on the flow.

The functions Rhi(r) and vi(r) ii equations (207) are determined with the

help of a continuity equation:

G=29Qco (r, - ,)= 2n j Qcr dr, (208)

where p0 and co are the density and velocity in the entrance section of the nozzle

cascade.

Thus, for instance, for an incompressible fluid and aI = const, the radius

of curvature of the flow lines Is determined by the following formula:

I 2 (r-rc)(rf-r)cos'a,
'''(r+,) (209)

Taking compressibility into account we obtain

sin-n r(. . (210)
\--rnr "

The quantity R cp - the radius of curvature of a flow line on the mid-diamet

- is determined by the method of successive approximations with the help of the

continu:Lty equation.

For a cascade with blades of constant profile and with cylindrical gcneratriqcs,

( )
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the radius R can be determined by the formula,

or f* Cos " (211)

or for z/B i, 
R

For a conical flow area, the formula for R has the following form:

cps 20tp

Radii ro, r., and r2 are determined' from the continuity equation written for

the corresponding sections which are shown in Fig. 217.

c, "r Q¢crdr. (213)

IKI

According to a prelimiary heat calculation, in these sections the distribution

~~of the axial components of-velocity c a and density p is known. According to

equation (213) we determine the quantity Arma.

Then

,= r,, + Ar,,.

Considering that a= const, we can obtain

-(r,. - (214
Ar,.,= 4 (r + rg) Ca(1

We shall now convert equation (207), substituting Rmi in it according to

formula (210), and stating that cos v= 1. Furthermore, assuming that ,= const

and a1 = const, we will obtain

_, -("I a' KK2. (215)

CoelTicJ.ents K1 and K2 consider the curvature of the flow lines (K1 ) and the

influence of the blades on the flow (K2 ), respectively. Introducing the parameter

0 = (1/1, the formulas for K, and K2 can be obtained in the following form:

*A formula of tho type (21) was used for the first time in reference [161].
it should be bornop in mind that the rule expressed by this formula is hypothetical.
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K,=exp(- .. (216)

Ix (9 1) " ce 2](2(Ii 15,s nsinr6 !-I T sinfyJ 
(217)127

where 
16+

r- ;; -- -

Formula (217) makes it possible to calculate the influence of blades on the
flow for the general case of a saber-like (curvilinear)blade. For rectilihear

blades (R = o) -the coefficient K2 is determined by the formula

, s SsJn 2a, r. sin 
(28r (218)

With the help of equation (215) it is not difficult to find the change of-
the reaction along the radius for the assumptions that we made:

Q -Vx - )(--) (219)

where p. is the reaction in the root section.

Substitung (215) into equation (219), we find

-- (- (KK . (220)
The influence of certain parameters on coefficient K, may be estimated by

means of the graphs in Fig. 218, Ti quantity Ki intensely increases in the middle
of the blade and reaches maximum values at the vertex. With the growth of angle
a, the coefficient Ki increases. The influence of flare 0 is illustrated by the

curves in Fig. 218.

0 - *• ... r" .... -- I I

0 41 42 43 44 6f as 47 48 49r-r.

Fig. 218. Change of coefficient Ki, which consider
the curvature of flow lines, along the blade height
for various, but constant angles ai at 0 = 3 (solid
lines), and for various 0 at a. 200 (dotted lines).
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Coefficient K2 also depends on a1 , 0, and the character of change of a1 along

the radius (Fig. 219).

K,

0 41- 42 43 -4645 40 47 486 a9 fra
- a)

0 0 4

3 al 42 V '4 45. 46 47 4 as at
b) It

Fig. 219. Change of coeffcients K2 and K2, which

consider the inclination of nozzle blades, with
respect to height: a) for various a1 at e =5 and
for various e at a1  150 (: "150 , = 00;

b) for various laws of change of angle a1 along the

height at e = 5 (-Yl = -15° 7y =300) Curves
(solid) Cul = const; - - - - a1 = const.

Equation (215) and the other dependencas do not reflect the influence of

conicity of the flow area, since the term dcds m sin v/2, which enters the

equation of radial equilibrium (190), was dropped.

A rough estimate of the influence of conicity on the distribution of velocities

and the reaction along the radius can be obtained by means of solving the initial

equations (189) and (190).

After tedious transformations it is not difficult to obtain an equation for

velocity distribution in the following form:

r = o K , (221)

which is valid for radially mounted blades.

\Mere

K"" c062' a + tg a s ( 2 2 2 )

*~u I1aa 1 cYCcj(I T ti', )

I.s a coefficient that considers the influence of conicity.
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It should once again be emphasized that equation (206) and the others were

obtained on the basis of a number of simplifying assumptions, We did not consider

the important factors which distinguish an actual flow from an ideal one in this

case, including the deviation of the flow from coaxial, radial gas leakages into

the borundary layer, the presence of zones of separation of flow, the influence of

the rotor wheel, and others. For this reason, into formula (220) we should

introduce an experimental coefficient Q, writing it in the following form:

S,-(1- )( h(223)

The experimental coefficient Q depends on many factors, mainly on the gradient

of static pressure along the radius and height of the blades, or, in other words,

on the intensity of radial leakages. Ior stage with high blade height, at small

gradients of 3p/r the coefficient Q is close to unity. In accordance with the

results of experiments at e ? 8, 2Q = 1.5 - 1.6, and when e < 8, 2Q = 1.6 - 1.8.

When estimating the influence of the other simplifications, one should note

that an insignificant change of a i = a i  ± 30 has a slight effect on the accuracy

of the calculation, and the change of the radius R can be considered during the

calculation of a stage with respect to streams (see § 45).

Of considerable interest is an estimate of the influence of the factors

considered by coefficients K1 , K2, and K3 . An increase of the cone angle of the

upper contour, v., leads to a decrease of the intensity of change of the reaction

along the blade height, which coincides with the data from the experiments. An

Increase of the blade angle toward the flow also causes a decrease of the radial

pressure gradiernt, i.e., a balancing of the reaction along the height, and this

was shown in Fig. 211.

Distortion of the flow lines in the meridional plane in a clearance also a'fT-cts

the distribution of reactions and the difference of reactions in a section at tho-

vortex and in the roof section.

An estimate of the accuracy of the presented method of calculation, which 1,

prformed by comparison with experimental data, showed that for cascades with 0

the convergence of the results of the experiment and the calculation is satisfactury.

At small 0 < It and large blade angles, a considerable divergence is noted between

the experimental and cal,.ulated data. It. these cases an essential influence is

rendered by factors that are not considered by the calculation method: a) separatici

of flow around annular contours; b) radial leakages in the boundary layer; c) tht

influence of a finite number of blades.
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§ 38. CALCULATION OF THE FLOW BEHIND A MOVING CASCADE

Calculation of the flow behind rotor blades is also performed with the help

of con.servation equations. However, this problem is more complicated than the

precodin; one, since the rotor blades ire located on a revolving wheel, and

consequently, the outlet angles of flow in absolute motion are not given.

As general equations of steady three-dimensional motion of an ideal fluid in

moving cascades we may use equations (±86), which can be written for a relative

flow in the following form:

, V + ?00.- W,- T -F

I apWr + + . + . -- , V (224)

ao r W T- - - d

'1his system is obtained by substitution of the following evident relationships

into (186)

,,c,; w,=c,; w,,=c -=c.--r,

where co is the angular velocity of rotation of a moving cascade; Wr, W6 , and W

are the component forces of the influence of blades on the flow.

Besides the assumptions made above, in cross section 2-2 (see Fig. 27) it is

possible to assume that the reconstruction of the flow in the radial direction, which

occurs during passage through the moving cascade, is terminated mainly before the

control cross section and the radial components of velocity are small there (cr % 0).

We also assume that the motion in this cross section 2-2 occurs along the cylindrical

surfaces, i.e., the radil of curvature of the flow lines in the meridional plane

are very great* (R - O).

Then the equation of radial equilibrium, i.e., the impulse equation (in pro-

jections on the direction of the radius), will have the following form:

_ ' i dp, 22O2 a
Q dr (224a)

xDurLng the calculation of stages with conical flow areas, curvilinear contours,
and other peculiarities, these assumptions can lead to considerable errors (see
Chapter VII]I).
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Proceeding to the relative flow in this-equation, we will use the relationship

C os = w, cos A. -u,

o where u = wr is the peripheral velocity on the current radius r;

02 = 02 (r) is the outlet angle, which is a given function of r.

Then (224a) is written in the following manner:

I, (v g(.,Cog U)2 (225)
Qt dr r

Equation (225) directly follows also from the first equation of (224), after

substitution

-r 0.W,= = -#r 7-'F O

We shall now use the energy equation for a relative flow:

(226)IN 2 2

Here Wi is the relative inlet ielocity-of gas to the rotor blades; i1 and i2t

is the enthalpy of the gas before the rotor blades and at the end of isoentropic

expansion in the Moving cascade, respectively-; q = 2 (t is the velocity coefficient

,of the moving cascade).

All quantities that enter equation (226) are functions of radius r.

Since

C24 = I

after substitution of this expression into equation (226), we will obtain

w, dw, !0 d, dd (227)
tdr r 2 - "

In the third term of equation (227) we shall perform the following substitution

c, 01 = 2uc, cos a- u2 .

Furthermore, let us note that

dig u I dNp
dr es dr

After substitution into (227), we finally obtain

s e, ,(in, = '= N 1 dzq,
W2 d 2ij dr +

+ 2W COS , "---- = 0. (228)

As it is known, the obtained differential equation for the distribution of

relative velocities behind a moving cascade is an Abel equation of the second kind.
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When the velocity circulation around a nozzle blade is culr = const, the free term

of equation (228) is equal to zero.

Equation (228) is integrated under certain simplifications. Thus, for instance, II
considering that* 12 = I and Culr = const, it is not difficult to obtain

d, _--- w2+2wcos=O (:29)

The integral of equation (229) will be

w, = + 2.4 cos Ps dr exp(- dr) (230)

where rm is the mid-radius of the stage; W2m is the relative outlet velocity on the

mid-radius.

The gras flow through the nozzle and rotor blades should satisfy the continuity

equation:

0 =2x S pec~rdr. (231)

Depending upon the adopted law of change of angles along the radius in these

sections, from (231) we can obtain the values of the velocities in the root or

middle sections of the stage.

Coordination of the flow rate through the nozzle and moving cascade may be

accomplished by dividing the flow into a number of elementary annular streams.

Within tho limits of each stream the problem may be considered as a one-dimensional

one and the usual method of calculation may be employed. The transition from

stream to stream should be accomplished in such a manner so that the equation of

radial equilibrium In the control sections is satisfied.**

An increase (or decrease) of pressure Ap. upon transition to an adjacent

stream in a clearance should be calculated by means of the approximate equation

C2p (232)
Ap, = IV;--_ Ar,(2 )

*Equation (228) is also integrated for n2 < 1, if we consider that q. does not

change along the radius.

*-A mo'e exact method of calculation for streams is given in Chapter VIII.
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where Ar is the increase of the radius upon transition to the mid-section of an

adjacent annular stream (if the radius decreases, then Ar is negative); cui and p,

are the peripheral velocity component and the density of the gas in the considered

() elementary annular strebz2 at mid-radius r, respectively.

An analogous equation for cross section 2-2 behind the rotor wheel is written

n the following way:

Aps - cie Ar. (233)
r

The continuity equation for these sections may be presented in the following

form:

AG = PieurcM1;
AG = ;

Here AG is the flow rate-of gas through the stream; pit and p2t are the density

at the end of isentropic expansion in the nozzle and moving cascades, correspondingly;

cit M I w2t are the theoretical outlet velocities of flow from the cascades; f. and

f2 are the -areas of the outlet sections within the bounds of one elementary- stream;

g. and P2 are the flow rate coefficients in a given annular section of the nozzle

ana.moving cascades.

The total flow rate through the stage G is equal to the sum of flow rates

fnr all elementary streams. In a similar calculation the flow rate coefficients,

and [2 and the velocity coefficients, p = I and p = i2 should be assumed

to be variable and dependent upon the geometric parameters of the cascades and the

performance parameters of the flow.

By using the method of calculation for streams when2 designing a stage, it is

possible to select the degree of reaction and the outlet angles from the nozzle and

moving cascades in the root or middle sections. In the last case it is not difficult

to calculate the middle annular stream as that of an elementary turbine stage.

Further, by means of formula (232) we can find the pressure behind the nozzle

cascade for two adjacent streams.

The pressure behind the stage for two adjacent streams, in general, differs from

the pressure behind the stage on the mid-diameter, and ite can be found by means of

formnula (232). The pressure oehind the stage in first approximation may be consiur'1,Q

as being constant.

In the course of the calculation by means of the continuity equation, the

distrlbutlon, of angles a, and i along the radius can be corrected.
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§ 39. METHODS FOR TWISTING BLADES AND THE RATIONAL
ORGANIZATION OF THE .FLOW IN A STAGE

The existing methods for calculating the flow in a large-flare stage do not

make ii possible to solve the problem concerning the most rational organization of (

the flow in a stage, and consequently, the optimum methods for twisting blades.

This problem is solved with the aid of the results of an experimental investi-

gation of nozzle and moving cascade and a stage on the whole (§§ 35, 36, 41, and 44).

The criteria for comparing the various methods for the organizatiop o! the flow

in a stage are:

a) the effectiveness of the stage;

b) the discharge capacity;

c) the strength and vibration reliability of the blades;

d) the technological effectiveness of the cascades;

e) the peculiarities of the -physical process.

The difficulty of constructing an optimum stage for given -operating conditions

consists in that the requirements of maximum effectiveness, reliability, and

productivility are contradictory to a considerable degree. In a number of cases it

is necessary to waive the considerations of-economy for providing the necessary

reliability and productibility of manufacture of the blades.

Questions concerning the twisting of blades only from the point of view of

maximum effectivenets are considered below.

It is not possible to establish an optimum method for profiling long bladet by

means of a calculation since the appropriate methods of approximation make it

possible to judge the comparative merits of the various twisting methods only with

respect to indirect criteria.

The initial equation (206) is useful for calculating the parameters of flow in

a clearance for an arbitrary law of change of aI along the radius or for aI = const.

However, the question of rational means for profiling the nozzle and rotor

blados of a stage with considerable variation of parameters along the radius still

rvmnains unnnswered. Within the confines of a one-dimensional flow diagram, the

problem concerning rational methods for twisting blades is reduzed to the correct

selection of the variation of angles and velocities along the radius so that the

efficiency of the stage is maximum. At the same time, with the selected field of

angles and v,locilties, a high stage efficiency can be ensured only under the condition

of th, correct selection of blade profiles, and the shape of the contours in the
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meridional plane, which ensure a flow structure in the stage wrhich is close to that

calculated.

The first part of problem - the selection of lawKs of distribution of flow

C) parameters along the radius in a clearance and behind the stage - can be solved on

the basis of various premises which are more or less equivalent. The most common

ones are the following simplifying assumptions:

i. Constancy of velocity circulation along nozzle and moving cascadesc (Cur

eonst and C u2r = const) for a uniform field of axial velocities in the clearance

and behind the stage.

2. Constancy of -.he outlet angle of flow from the nozzle cascade -(a = const)

and axial outlet of flow from the stage.

3. A linear law of change of sin a,(r) for cylindrical (constant profile)

nozzle and rotor blades constructed under the condition of constant performance

with respect to height.

4. A law of change of a1 = a;(r) which ensures a maximum discharge capacity

for the stage and axial outlet from the stage.

The number of possible variants is very great (theoretically equal to infinity)

in accordance with the fact that the differential equation (206) has an infinite

number of solutions. It is, obvious that the quantity of practically acceptable

solutions, which correspond to the conditions of rational organization of the flow

in a turbine stage, is limited. For this reason, and also considering that the

Pquation of radial equilibrium (206) is approximate, one should use those methods

for the oraanization of flow in stages, which are constructed on the basis of

concise physical premises. In certain cases, when designing stages with vary long

blades it is expedient to combine the various methods for organizing the flow,

i.e., to select a comp.ex law of change of angle a1 along the radius.

It should be emphasized that, in accordance with the equation of radial

equilibrium, the twisting of nozzle blades, i.e., the form of the function allr),

hardly affects the characte'r of change of the reaction along the radius. Consequtntly,

for any method of twisting a,(r) with radially mounted blades, the distribution cl

pressures and velocities in the clearance remains about the same.

Thus, the selection of a rational method for twisting blades is reduced to t.,o

solution of two problems: a) the establishment of an optimum shape and twist

Xquaranteo of condition L. = const causes difficulties in connection with thi
sharp growth of losses in the root and peripheral sections.
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[al(r)] nf the nezzle blades to ensure minimum cascade losses; b) profiling of the

moving cascade to ensure mintmum losses in the channels and with the outlet velocity

along the entire height.

As shown above, the question concerning the selection of a law of change of

a,(r) should be solved with the meridional shape of the nozzle cascade, and the

shape and inclination of the blades taken into account.

Considering the results of an experimental investigation of annular nozzle

cascades, it may be concluded that the most expedient method is to twist the blades

according to the selected rational distribution of static pressures in the clearance.*

The p,(r) diagram can be influenced by: a) meridional profiling of the cascade

contours; b) inclination of the blades; c) distortion of the blades (the application

of saber-like blades). In certain cases it is necessary (or expedient) to employ

combin-?d methods, when inclined or curvilinear blades are designed with noncylindrical

contours.

The application of curvilinear nozzle blades is promising; these blades provide

a distribution of gradients in the vane channels and static pressures behind the

cascade, at which the losses in the nozzle cascade will be minimum, and the rotor

blades obtain a minimum twist. It is then possible to select a nozzle blade shape

which ensures the given distribution of pressures in the clearance with few losses

in the moving cascade.

In certain cases this problem is successfully solved by the application of

blades that are inclined toward the flow. Both types of nozzle cascades increase

the vibration reilability of the rotor blades: during rotation, the blade

gradually enters (and emerges from) the edge wake of the nozzle blade, which decreases

the inpulse of the disturbing force.

Abov (see § 37) we obtained formulas for the calculation of stage with ai =

- const. With blade twisting under the condition of constant circulation (cu r =

coast) the outlet angle of the flow from the nozzie cascade increases linearly from

the root section to the peripheral section in accordance with the formula

tg a z tgal. (234)

Disregarding the small distortion of flow lines in the meridional plane

(Ki  i) and considering that the efficiency of the nozzle cascad remains constant

"At supersonic velocities there appuar peculiarities which impose additional.
conditions on the selection of blade twist (see Chapter VIII).
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along the radius (q! = const), with the help of formula (234) it is not difficult

to obtain the following equation for the distribution of absolute velocities in

the clearance:

- K: r (235)

where

K; - exp [q arc tg (tg a,,r) - qal.- p (r- 1)]"

ct A- gal. (236)

x! = rsiny( r.slnyr r r

Here Y2 is a coefficient that considers influence of blade inclination on the

velocity distribution behind the nozzle cascade with blade profiling according to

the method of constant velocity circulation. The values of K2 are showni in Fig. 219.

It follows from this that for large angles aI the blade inclination has a practically

equal effect on the distribution of velocity and reactions in the clearance for

blades that are twisted under the condition of aI = const and according to the

method of constant circulation.

Consequently, the effect from the application of inclined and curvilinear

blades practically is not influenced by the change of the angle of flow with respect

to height, expecially at large values of a1 .

Equations (215) or (235), and (236), which were obtained for the general case

of a variable angl- of inclination y(r), can be used for the calculation of

curvilinear blades.

By assigning various laws of change of y(r) and finding the corresponding

distribution diagrams of static pressure along the radiuL, it will not be difficul.

to find the optimum inclination or the camber of the nuzzle blades by means of

variant calculations.

As an example, Fig. 220 gives the distribution of angles, dimensionless

velocities, and the reaction along the radius for a -stage with 0 = 2.8. Two variants

are conaidcred here: twisting of blades with a I const (d.tted line) and aS r r(r).

In the lasi. case, the angle aI from ti ruot 1o t!,,, vrt.ux first increases, and
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then decreases, and the nozzle

5 45 1.0 12 1.# blades are curvillner. The

second variant has indubitable

Iadvantages: a) the reaction at

w the vertex was decreased by 19%
475 -- -

" (Pn =55% instead of p.
_. = 74%); b) the entrance angles

I i to the moving cascade 1. vary

- along the height within significant

'MC 1ff limits (L1 = 960 and 4, = 1290);I i kii
k twisting, of the rotor blades is

0 -' then less intense; c) the velocities

at the outlet from the moving

.1 .___ cascade during relative motion in

the peripheral sections are lowered;

o zo g s0 s Ioo 120 :tsu'- p,;A d) the absolute velocities at

the outlet from the nozzle cascadeo 0.10 ,20 -0 o..40'.50 " 0.0 070 0,80

Fig. 220. Variationoof stage parameters along vary along the height less
the radius, with 0 = 2.8 and xm = 0.58

(calculation). Curves: - blades mounted intensely, which simplifies the
with inclination; blades mounted profiling of the nozzle cascade.
radially.

At the same time, as may be seen

from Fig. 220, in a stage with saber-like blades the angle of absolute velocity

behind the/a 2  varies with respect to height more intensely, and the losses with

the outlet velocity can appear larger than in a usual stage. These circumstances

must be considered when selecting the "saber-like shape" of the inclination of
the blades.

In considering the expediency of the application of inclined or saber-like

blades, one should also bear in mind that the selection of R or the angle of

inclination y is carried out with the necessary change of x taken into account,

since 1OnT depends on p.

r-'t us consider as an example the calculation of the flow in a stage with

nozzle blades of constant profile, assuming that the flow at the entrance to the

stage has a uniform velocity field. We shall set up the following problem: find

the d1stribution of parameters In the clearance and behind the moving cascade with

respect Lo the radius. The solution of this problem permits the additional obtainment
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of initial data for the calculation of a stage with blades of constant profile on

the basis of the aerodynamic characteristics of the cascades, and it can be used

for determining the optimum cascade flare at which it is possible to apply blades

of constant profile.

The calculation of a stages with blades of constant profile may be performed

if we consider that the angles ca and 12 are constant along the radius. A more

exact method of calculation, which will be given below, consists in the fact

that the angles ai and 2 are given in the form of functions of the radius r.

This method is expedient to apply in those cases when the stage flare is considerable.

Numerous experiments show that the angle a1 may be expressed, depending upon

relative pitch, or radius, by the formula

tg 1= tga,.+ A! (o- O1) (- ), (237)

where

A t9 a, = tg 9..- tga,,.

As -before, ai r and a, , are the outlet angles of flow at the vertex and in the

root sections, respectively; r = r/rK ; rE is the radius of the root sections;

r is the radius of a current section.

We shall now use the equation of radial equilibrium. Considering that the

stage generatrices are cylindrical, we use the first equation of system (i86a),

representing it in the following form:

es cos . (186c)

Substituting -(-2-7-)- -into -equation -(186c) -and -integrating- it, we will obtain

,, ®r-) (238)

Here

[ + 2nib, .^O bI(O._I)tCI. ' ,

"+1n-- b(O-l)I' ;'ii tg a,,;

2 09"(t a,,, - tga,,,),

For tho determination of velocity cI it is necessary to know the value of c H

In the root section. For this purpose we shall use the continuity equation, writing

it for cross section 0-0 and i-i:

(,0.9d;, (239)
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where cOa and cla are the axial velocity components in cross sections 0-0 and i-i(see Fig. 217);

p:/pO is the relative density in the clearance (pO is the current

density in cross section 0-0). -

The function cal in equation (239) can be found by the formula

~Cj4Csinaj= c~tgag

or approximately,

-P G 0 (24)Cie= Cl $in 1 = tc -;, sin a,,

where a1 is found by means of formula (237).

The above-mentioned dependences are valid if the flow in the clearance is

subsonic. For mixed flows in the clearance, when in the lower part of the stage

(at the root sections) cl > a.j, formula (237) is not applicable. In this case

it is necessary to consider the deflection of the flow in the slanting shear of

the nozzle cascade (see Chapter VIII).

Let us now turn to the calculation of the flow behind a stage. We shall use

the fundamental equation (228) and integrate it for 12 = const and c,1u.r = const for

the adopted law of change of angles along the radius, which was obtained from

experiments

Ssin 02 = sin Pt="r (0(21~2

As a result of integration, we find the approximate expression:

= . (24,2)

here w 2  .Ls the value of w2 in the root section;

f3 is the vector angle w2 H

q = I - (n2 - b( -- 1)]'; n, sin P2,;

With the known values of 72 It is easy to determine the available heat drop

in the stage.

With the help of the derived formulas it is possible to calculate the distribu-

tion of parameters along the radius in a clearance and behind a stage with blades

of' constant profile.

KTho available heat drop in a nozzle cascade, according to (238), will be
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A, = ., _?, IF)I' (,he--w-- (243)

it is also possible to use simplified formulas. Considering that F(:) 1,

() we find

72K (243a)

We shall now find the change of the degree of reaction along the radius.

Using formula (243), we obtain

IF ()'e= -(I-ej ,(244)
where 0 = ho/h o  .

Hence, we can obtain an approximate formula for determining the reaction on the

mid-diameter of a stage with untwisted blades, priceeding from the given value of

pX in the Initial, i.e., root, section.

Considering that bi  0, from formula (244) we will obtain

-e (2-I\

where

Formula (245) has a limited field of application. It is obvious that it is

valid for relatively large 0, since only in this case ii the difference of a,

small at th'e vertex and at the root, and it is therefore possible to assume that

biO. 4 .

Of practical interest is the possibility of determining the minimum reaction

on tho mid-section, at which in the root section the reaction is p = 0. Corres-

ponding calculation formulas can be obtained for the adopted law of twisting. Thus,

for instance, when a1 = const, from equation (245) it is not difficult to obtain,

for p0, = 0,

or approximately, (b1  0)

et, in 0

Cons:lering a stage with inclined blades and conical generatrices, from equation

(223) we fInd

( )
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(2!7)

where 0

0m 0

Approximately,

,,,.,.-k--0-- ad e., T (forO> 6 ).

The initial formula for the degree of reaction, (220), makes it possible to

determine the difference-of reactions in the peripheral and root sections. Since

I - 6+1

then, after substitution into (2417), we will obtain
l--b _ -1 \2QtlCq'6''l"v

- -. (KK- (248)

In first approximation,

i-Q. /0-I 1

The change of performance on the wheel can be found in the following manner:

, = CN Ct +d
C.) +.:

where

4C' = W*" Cos A - R.

The function cu,(r) also is known. Consequently, the quantity (F) is

detormined.

The field of axial components of velocities behind the stage is calculated by

the formula

2 = c¢% tg C, = w,, tg Pt = (c, + U) tg p.

By using the obtained relationships, it is possible to analyze the variation

of parametLers along the radius in a clearance and behind a stage, and to estimate

the additional losses that appear in a stage with blades of constant profile.

The results of corresponding calculations show that the additional losses in a

stago with untwisted blades (losses due to "nontwisting") are brought about by the

increase of outlet losses, the change of the entrance angle of flow to the moving

cascade, and also the change of the output work along the radius.

The flow is swirled behind the stage; balancing of the velocity field is

accompanied by losses of idnetic energy which must be included in the overall
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balance of stage losses.

The results of calculations perfomed with the proposed method for stages with

cylindrical contours satisfactorily coincide with the experimental data. Additional

losses due to "nontwisting" of blades can be determined by means of caludlation only

when the aerodynamic characteristics of the nozzle and moving cascades are known

from the data of static tests.

In conclusion, let us note that with large e the change of the angles a, and

P2 is not great along the radius (see formulas (237) and (241)). The calculation

of the velocities cI and w2 in these stages may be performed by means of formulas

which are easily obtained from the fundamental equations (238) and (242) under the

following assumptions: i1 = const, q2 = const, a, = const, and 2= const.

Then

*e,W, = 0 t olP)--1-P + 2,.ei i

§ 4o. RESULTS OF INVESTIGATIONS OF THE EFFECT OF INDIVIDUAL DESIGN

ELEMENTS ON THE EFFECTIVENESS OF STAGES WITH LONG BLADES

Numerous experiments show that the transition to twisted blades in stages with

e < 10 leads to a considerable growth of efficiency. The boundary of twisting,

which is within the zone of 0 9 8-12 for certain stages, depends on the type of

stage, and its geometric and performance parameters (M and Re numbers).

Therefore, the determination of the boundary of twisting is possible only

experimentally or by means of calculation. In the last case, the method discussed

in the preceding paragraph may be used. For each type of stage the problem is

solved separately.

It should be noted that the boundary of twisting is not universal, and for

some stage it lies beyond the indicated limits (0 = 8-12). The dependence of th .

boundary oP twisting on the geometric and performance parameters of a stage explains

the well-known experimental conclusion concerning the essential effect of losses

duc to "nontwisting," which are detected for various values of 0.

We shi[l consider certain results of an experimental investigation of stages

with long bl)ades.

The Influence of Blade Twisting

The nluluence of twisting the rotor blades on th; efficiency of a stage with
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4 = .18 was investigated by P. Vesely and I. Camek [132]. They tested five stages

with an identical nozzle cascade,
- -,,7#0' - Fbut with differently twisted blades 0

of the moving cascades, the shapes

of which are shown in Fig. 221a.

The twist of the rotor blades was

!J-41changed by means of changing the

angle of incidence of the profile at
gigr " the vertex yn. The angle of

4#5 incidence of the profile in the root

0 so section and the shape of the profiles

475 for all sections were kept constant.

47o /The results of tests for one
0.2 013 0,'t g 0.5 u/cP

b) value of the axial clearance are

Fig. 221. Influence of twisting of a shown in Fig. 221b. With the decrease
moving cascade on the efficiency of the
stage: a) shapes of rotor blades; b) of the angle of incidence of the
blade efficiency depending upon angle of
incidence of profile in peripheral section. profile in the peripheral section

With Reel = 1.5"105; e = 4.18. Experi- from y 800 to y = 600,
ments of P. Vesely and I. Camek. 3' - YI

the maximum blade efficiency of the

stage increased from 87 to 92.5%

with an axial clearance of 6a = 1.5 mm. At small u/c the influence of twisting

decreases. The influence of the axial clearance in the investigated range lies

within the limits of the accuracy of the experiment.

A detailed investigation of the structure of flow, which was conducted by the

authors, distinctly explains the influence of the twisting of rotor blades. Figure

222 shows the change of the reaction in the root and peripheral sections for

differently twisted rotor blades. With the increase of P yn$ the reaction in the

root and peripheral sections increases, and the difference in reactions also increases

somewhat. This result was expected, since with the increase of 0 ynq the cross-

sectional area of a moving cascade decreases. Let us note that the investigated

stage ha:; a high reaction in the root section, the maximum value of which reaches

PR 20% when = 
5
"5

However, tne growth in efficiency is explained not so much by the increase of

the reaction, but uy the decrease of losses in the moving cascade in connection

with the de'rease of the angle of incidence, and also by the lowering of losses
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with the outlet velocity.

- - - Analogous experiments .were performed by the

ag0 authors on-a stage with the ratio B = 3.14. The

' W influence of twisting of rotor blades was investigated

in a wider range of velocity ratios u/cdj. Upen

transition from blades of constant profile to the

____S,' a optimum version with twisting of the peripheral profile0,.0,
*o .- by 200, the efficiency at optimum u/c i was increased

-. - by 4.5-5%.
"4,11 - - It should be emphasized that the influence of

twisting in two of the investigated stages was so
Fig. 2?2. Influence of

twisting of rotor blades considerable mainly because the pi file of the moving
on the change of the re-
action in the root section cascade is especially sensitive uc changes of the
and at the vertex under
different conditions for entrance angle of flow.
stages with the charac-
teristics shown in Fig. Experiments with different nozzle cascades were
221.

conducted for a stage with e = 3.92. The moving

cascade for all investigated variants was identical. The nozzle cascades had

identical distribution of angles along the radius, but a different outlet area.

Variations in areas were attained by changing

the angles of incidence of the nozzle blade

(Fig. 223). The efficiency curves of these

- ,a ~ stages distinctly show that at optimtm ratios

- u/ce, the best result is given by stage No. I

with a maximum flow area of the nozzle cascade.

For u/c t < 0.55, the best design is that of

the stage with minimum angles al.

0.30 -- ,t The obtained result has a simple physical

0.85 - . explanation. With the decrease of the nozzle

0,00 1 Z blade angle, the angles of entrance O to the

0.5 0,4 04 0,5 0.55 0. 055 0.7j/c. moving cascade decrease. With decreased u/co, <

Fig. 223. Influence of the < (u/C%)on, in stage No. 3, the entrance
angle of Incidence of* the pro-
file of a nozzle cascade on the angles I are closer to optimum than in stag,-
ef'ficioncy of a stage. Valuesiof' aross- scti e. ralu ares No. I and No. 2, which also leads to an incr,ase
eo' cross-sectional ratios are

equal to: curve No. i.i' piu;
curve No. 2 = 1.01; curve No. 3 =  in the efficiency of this stage. Under optimum

= o.9jiJ. 11,h * ei 1 l.5"I05; conditions (u/cj, 0.65) the efficiency of
0 =3.92. Experiments ofo. Vey : ermd e c o stage No. I is higher, since the losses in the
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nozzle cascade decrease with the -growth of a, and: the angles of entrance to the

moving cascade are close to optimum. In the three compared stages, the reaction

in the root and peripheral sections under all conditions was different. Themaximum

difference of the reaction and the maximum peripheral reaction corresponded to stage 9
No. 3. It may be considered that this result to a small extent will reflect the

influence of the reaction, since stage No. i, with the large reactionin the root

section, has a lower efficiency at small u/ccb.

The considered projects on the study of the influence df twisting the blading

of large-flare stages include the results of the earlier experiments of V. G.

Tyryshkin [107] and N. N. Bykov [10]. The last work gives the results of the

investigation of four stages that were designed according to the following specifi-

cations.

Stage No. I - cur = const; stage No. 2 - with decreasing angle a, to root

section (a I = a, H - cp -50); stage No. 3 - with increasing angle a, to

root section (Aa = +60); stage No. 4 - combined (rotor wheel of stage No. 3 and

nozzle cascade designed according to the method of eu r = const).

These experiments showed (Fig. 224) that stages No. 1, 2, and 3 in design

conditions (u/cd =0.55) have about the same efficiency (approximately 90%). In

conditions with lowered u/,

0.2, the efficiency of stage No.2

q9U was 11.5% higher, and the efficiency

of stage No. 3 was 6.5% lower, as

8 1kcompared to stage No. i. Stage

0.70 
No. 4 has maximum efficiency in a

wide range of conditions. In

design conditions, the increase

of efficiency of this stage amounts

o° ,,, g2 Op go CIS Os a/c* to 3%; at u/c = 0.35, it is 6%,

Fig. 224. Ccmparison of the effectiveness and at u/cq. = 0.2, it is -3%, as
of four stages designed with various laws of
twisting according to the experiments of compared to stage No. 1.
N. A. Bykov [10]. Curves: No. i-- -0-

50; The considered stages hadCui-r = const; No. 2 - A- A- Aai = -5
No. 3- x--x-Aa 1 = +60; No. 4-0- - identical data on the mid-diameter

combined (nozzle cascade C = const, rotor (aicp = 200; Pc = 0.3; e2 = p2/Po

wheel of stage At 6 = +6o). = 0.435) and an equal ratio of 0

= 6. It should be einphasizod that at
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the indicated pressure ratio the velocities in the fluw area of the stage were

transonic. Thus, the comparative estimates .)f the various methods of twisting

that were obtained in this work are characteristic for transonic velocities. Th.

advantages of stage in No. 4, in the opinion of the author, are explained by the

lowering of losses in the root and peripheral sections of the moving cascade, since

in this stage the reaction in the root is high; the losses at the periphery were

lowered in connection with the increase of the entrance angles 0 V The sharp

lowering of effectiveness of stage No. 3 in off-design conditions indicates that

this twisting of the nozzle cascade, with an increasing outlet angle al to the

root, leads to an intense decrease of the angles of entrance to the moving cascade

at lowered u/cd,. Furthermore, in this stage the specific flow rates of gas in

the peripheral sections are decreased, while in the root sections, where the

losses are essentially higher, they increase. The impractical distribution of flow

rates is quite evident in off-design conditions. One should note the satisfactory

characteristics of stage No. 2, which was designed with an untwisted nozzle cascade

and a moving cascade that was profiled in accordance with the change of the angle

a. ( ).

The results of a detailed investigation of the structure of the flow in the

four stages show that the sharp divergence of the efficiency curves with decreased

u/c@ is also explained by the different influence of compressibility (M number)

on the characteristics of nozzle and moving cascades that were profiled by

various methods.

When onsidering the comparative investigations of the laws of twisting, one

should bear in mind that the above-described results, and also other investigations,

[18], [I7], and [13P], are of particular value and cannot be generalized.

The influc ice of the method of profiling stages with large flare essentially

depends on the geometric and performance parameters of the stage. In connection

with the fact that systematic experiments with differe!nt 0, M, Re, etc. were not 

conducted, the recommendations that follow from the experiments of individual

authors bear a random character. The results of work [10] should be considered in

this light, which Is also confirmed by V. 14. Akimov's experiments.

Influence of the Degrec of' Reaction

In the experimental investigation of stages with twLsted blades, significant

attention is allotted to the influence of the reaction. Since with tile radial

arr.ngement of nuzzle blad-s the change, of the reaction along the radius hardly
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depends on the law of twisting, the study of the influence of the reaction reduces

to an estimate of the correctness of the selection of the root reaction.*

As a rule, the reaction in the root section is small and positive. It is

known that if pX < 0, then in the root sections there can appear a separation.

In this case, through the root clearance there is developed an intense suction of

gas. However, a considerable positive reaction in'the root section can also

negatively affect the economy of a stage due to the increase of leakages through

the radial clearance, since this increases the reaction at the periphery. At the

same time, an increase of the root reaction lowers the leakages through the sealing

(or through an unsealed radial clearance) of the nozzle cascade. The root reaction

should be selected with the design of the flow area taken into account, depending

upon the magnitude and method of sealing the radial clearances of the nozzle and

moving cascades, which are presented in § 41.

A number of works show that the root reaction essentially affects the efficiency

* of a stage whose cascades :are aerodynamically improved.

The investigation of a stage with 0 = 4.5

[106], at low velocities, showed that for the

0 -.. given specific conditions the optimum degree of

0,8$ --- i the reaction in the root section is on a level of0.54 *- ---

0,82 - .... -- _about 10% (Fig. 225).
I

0,80- - - - It should be emphasized that these experiments

give only tentative values of the root reaction,
430 -

420 ---------- which must be selected in every separate case,

410 -
-- -- considering the specific peculiarities of perfor-

-41o -mance of the given stage,

- -20 Experiments conducted at ME! did not indicate

a clear dependence of stage efficiency on the
01 020 4.30 0,0 050 €pc reaction in the root section. Tests of a

Fig. 225. Influence of the considerable quantity of stages with different

reaction in the root section
plc on the maximum efficiency variants of MEI cascades showed that a small
ii., of a stage, according pe

to the experiments in [i061. positive reaction in the root section with good

sealing of the nozzle cascade provides maximum

stage efficiency (see Chapter IV).

Sel(e'tlon of the root reaction for optimum-flare stages of steam turbines is
substantiaLed in Chapter VIII. ()
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Of interest are the results of an investigation of a group of stages with long

blades at the NZ1. laboratory [18], [19]. For the purpose of studying the influence

of the reaction on efficiency, tests were conducted with three stages having a

C different number of rotor blades. On the basis of these data, a decrease of the

reaction in the root section to -6% does not lead to a noticeable lowering in

efficiency, which coincides with the MEI results.

Influence of Nozzle Blade Twisting

Above, in § 39, it was indicated that a number of stages (with not too small 9)

may be manufactured with cylindrical (untwisted) blades. Appropriate experiments

were conducted by LMZ, MEI, TsKTI, and NZL (see Chapter VIII). The experiments

indicated that the application of untwisted nozzle cascades, even with large stage

flare, provides a high stage economy.

As shown in § 39, the distribution of angles a. along the radius in such

cascades is linear, and the change of the velocity circulation is relatively small.

Consequently, a cascade of constant profile comparatively little differs from a

nozzle cascade that is twisted under the condition of e ur = const.

The TsKTI investigation [7] was conducted with two stages, e = 2.95, the

nozzle blades of which were untwisted. The variation of cos ai along the radius

for- the nozzle cascade was close to linear. The rotor blades were twisted under

the condition of a constant heat drop along the radius. TsKTI profiles TH-2 and

T-3 were used for the stage. The moving cascades were designed in two variants:

in stage No. I the blade chord did not vary with respect to height, while in stage

No. 2 it decreased toward the tip. The relative pitch of the rotor blades in the

peripheral section for stage No. I amounted to fn = 1.062, and for stage No. 2

it was .= .i6.

The experiments were conducted at low velocities (Mcl 0.25) and Reci numbers

equal to 1.9-3.8.105. The efficiency curves of the two stages are shown in

Fig. 226. The maximum values of efficiency of the two stages were approximately

identical and equal to o n 91% (including the losses due to leakages in the

peripheral section). This result shows* that at low velocities it is quite permissible

*Somewhat overestimated values of efficiency and optimum x were obtained in

thesp nxperiments, and the independence of efficiency from the Reynolds number was

found in the range of Ree= (1.9-3.88)i05, whereas the experimental points of qor

which refer to smaller Rec 1 , are higher as a rule. [FOOTNOTE CONT'D ON NEXT PAGE]

e
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to employ of large relative pitches in the peripheral sections. Furthermore, the

described experiments confirm that the application of

nozzle blades of constant profile is permissible al-o

for large-flare stages (0= 2.95).

A detailed investigation of the structure of the

- -flow in a clearance and behind a stage was conducted

l by Kh. L. Babenko. The distribution

- of the reaction in the clearance (Fig.

Sta" e ~227) was close to the calculated

- - @value whereby.a change of the distance

--- Iof the -measuring section from the

4 trailing edges of the nozzle cascade

00, , E--_ practically did not lead to a change

;of the curves for p(r). This result

.48% e 47 4 9 40 _ is not confirmed by the data on the

Co investigation of annular cascades in

Fig. 226. Dependence of the value, of
blade efficiency on xb for two stages §§ 35 and 36,

with nozzle blades of constant profile. Figure 227 also shows the distri-
With 0 = 2.95 Mc, = 0.13 to 0.25. Stage

No. i -with constant blade chord; stage bution of pressure and angles in a

No. 2 with variable blade chord. Accord-
ing to Ts1I data: points: 0- 0 for clearance and behind a stage. One

Recl= 1.9.105; x - x Reel = 2.5.105; should note the uniformity of the

0 -0 Rec =.8"i05. fields of static and total pressures

behind the moving cascade. The diagram

of total pressures in the clearance also is characterized by satisfactory uniformity.

At the same time, the outlet angles of the nozzle cascade differ essentially

from the computed values, whereby in the root sections and at the periphery there

is noted a sharp growth of angles al, which may be explained by the increase of

losses in these zones.

The results obtained at the NZL laboratory for three stages with 0 = 5, which

are shown in Fig. 228, somewhat contradict the TsKTI data. The values of the angles

in different sections are the following:

(FOOTNOTE CONT'D FROM PRECEDING PAGE]

It may be a;sumed that these deviatlons are connected with a certain error in
the eallbr.ALIon Ia,,sts for determining the losses due to disk friction and the
brarling lo ::oes.
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Fi_.227. Distribution of reaction, statilc and total pressures along radius,
and distribution of angles in clearance and behind stage No. i (see Fig. 226).
Curves : - (solid) experiment; - -- (dotted line) - calculation.

q Stage No. ± was designed with twisted nozzle

, IL 1 blades; stages No. 2 and No. 3 had cylindrical nozzle

46blades. The efficiency curves of stages No. 1 and

76 I No. 2 practically coincide, and the efficiency ofI

43 stage No. 3 was 1.8-2.0% lower. The decrease in

Fig. 228. Results of the efficiency of this stage is explained not so much by
investigation of three

stages with nozzle blades the appearance of flare losses, as noted by the
twisted under the condition
of Cui r =const (stage No. author of [19], but by the decrease of the outlet

i) and blades of constant
profile (stages No. 2 and angle a1 , which led to a lowering of the reaction and

No. 3. N'L P *the entrance angles of flow to the rotor blades.

These experiments were also conducted at low velocities (McI = 0.J| to 0.II5)

and Reci numbers (2.5 to 3.O)i05. The obtained results, on the whole, confirm

the M@'0 conclusions concerning the practicality of employing stages with untwisted

nozzle blades in stages with 0 )I to 5 at subsonic velocities along the entire

height of the nozzle cadcad!e (see Chapter IX).
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Influence of Individual Design Elements

The efficiency of a stage does not only depend on the way the blades are

twisted. An essential influence on its effectiveness is rendered by a number of

design elements:

a) the axial clearances between cascades;

b) the radial clearances between the stator (or rotor) and the blade tips, and

the way'they are sealed;

c) the amount of overlap;

d) the wire connections,* and also the methods of organizing the flow before

and after the stage.

In connection with the evident difficulties of theoretical research, the

influence of the enumerated elements was studied experimentally by different author,

[5], [7], [47], [66], [106].

Influence of Axial Clearances

Detailed investigations of the influence of open and closed axial clearances

on the efficiency of a large-flare stage were performed at the laboratories of

BITM, L4Z, TsKTI, and MEI.

Stage efficiency varies noticeably,

depending upon the size of the open

- --- .---- axial clearance at the tip 6an

(Fig. 229) for sufficiently large relativc

4oZ radial clearances 6p. Actublly, as may

, Ybe seen from Fig. 229, the change of

blade efficiency as a function of an

open peripheral clearance, according to

455 -.. LMZ experiments, follows a linear law.

- ___- It ir known that when 6an

?> 6p the efficiency of a stage depends

480.5 7.o 2.0 ,.i,/4.% slightly on a' since in this case the

Fig. 229. Influence of a peripheral losses due to leakage over the shroud
open axial clearance on the efficiency
of a stage with twisted blades. Accord- are already determined by the radial

ing to LM. experiments at Re4 = .5.105; clearance.

a = Experiments conducted at LMZ by

*'fhe influence of wire connections ",s not considered here.
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A. 0. Lopatitskiy and M. A. Ozernov confirmed the essential influence of an open

axial clearance on the reaction at the
P_ - - tip P and in the root section p

C) 4-0.71% 1 .5-%.(Fig. 230). With the increase of

0° 2,7% an the peripheral reaction p.
0,35 "- - drops. The reaction in the root section

- --- H ~as a function of W varies

"17 1 5 1 17x irregularly: in the beginning, with the

- agrowth of n the reaction pan H
increases somewhat, and then decreases.

a-,3 If the root reaction depends upon the

2,4Y/3 453*/% given clearance,*

Fig. 230. Influence of a peripheral
open axial clearance -a n on the re-

actionin the root and peripheral see-
tions, depending upon x4 . LMZ ex- in accordance with the LMZ experiments,
periments with Re., = 5-105; M a wide rgO=c.; .6 ,awid ag of variation of n p

05 remains constant.

In the TsKTI project quoted above [7], the influence of the total axial

clearance 6a (Fig. 226) which varied from i2 to 37 mm was investigated. The relativea6a . o2.% nti
axial clearance 1a - varied correspondingly from a = 8.3 to 25.5%. In this

range of variation of a' the efficiency continuously decreased, and at 'a = 25.5"',

it decreases by 1-1.5%. It should be borne in mind that the TsKTI stage was

designed with a high reaction in the root section.

The experiments of LMZ, BITM and MEI confirm the existence of an opti.mum closed

axial clearance in large-flare stages.

Thus, for instance, for a stage with 6 = 4 .6, maximum efficiency was obtained

when 6a = 15% (Fig. 231). It was determined that the total axial clearance essen'iaily

affects the degree of reaction In the peripheral sections and especially in the

root sections (Fig. 232).

wThe formula for is approximate here. See Chapter II.
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A change of the total axial

I~ ~ J07%,,3% clearance also affects the effi-
. ! ciency of a stage for several

AgG _ "- -reasons: a) in conneczion with
the change of the peripheral

082 H 5nonuniformity-of the velocity2 75 10 12.5 15 17,5 29t 2,5, &t
field at the entrance to the

Fig. 231. Change of blade efficiency, q0n' de-

pending upon total axial clearance, 5a* Accord- moving cascade; b) due to

ing to LZ experiments with Reci = 5105; c = twisting of the flow and the-i 15, l
=0.5; 0 = 4.6; an = 0.71%; 6 = 0.3%. corresponding change of the

angles of entrance to the

moving cascade, the reaction, and the mean velocities in absolute and relative

motion; c) in connection with the change of losses due to friction in the clearance

and, in certain cases, with the

51- J ~Iappearance of separation; c in connection

075 -{with the eddy effect of the st:ge (see

§ 1). which appears in the nonuniform

2,5 55 5 fl5 20 2,S 25 7% distribution of total energy along the

f 0, ' radius, whereby the degree of this
- - 1 1 nonuniformity increases as the clearance

0475 -, increases. The overall influence of

050 5 all these factors predetermines the

55 7,5101215 15 2 ,shape of the curve for qoM = f( a

Fig. 232. Change of the root and which has a different character, depend-
peripheral reaction of a stage, depend-
ing upon b a. According to ]MZ experi- ing on the geometric and performance-

ments with 0 = 4.6; x = 0.6; Recl= parameters of the stage.
5 5105; Mc 0. r;

c1 " Thus, with the increase of 6ay the

losses in tne clearance increase; tnese losses are connected with the balancing

of pitch nonuniformity, the losses due to friction, and losses caused by the eddy

effect. llwt.,ver, the losses in the moving cascade, which are caused by the non-

uniformity of the velocity fields and angles at entrance, and also the profile

and end losses in connection with the growth of the entrance angles 0,' decrease

in this case.

In certain experiments it was revealed that with a negative reaction in the

root, setLon the optimum axial clearance increases.
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The qualitatively different influence of the axial clearance, depending upon

the reaction, is physically explained by the fact that when p < 0 the balancing

of the flow behind the nozzle cascade, which occurs at considerable distances behind

C. it, promotes-an increase of efficiency. Moreover, into the moving cascade there

enters an equalized flow with large angles 1, and the losses in it are lowered.

However, in this case the losses due to friction in the clearance increase.

With a high reaction, the balancing of the flow in the clearance plays a

smaller role, since the moving cascade is convergent and turns out to be less

sensitive to nonuniformity and Lnanges of angle 0i at the entrance. In this case

the additional losses due to friction in the clearance are decisive.

An increase of the axial clearance has a favorable effect on the vibration

reliability of the moving cascade. Consequently, increased axial clearances should

be applied if it does not lead to a lowering of stage efficiency.

The experiments of MEI and BITM, just as the U47 experiments, pointed out

the existence of an optimum axial clearance which, obviously, is physically more

*justified than a continuous change of efficiency as a function of the clearance.

Influence of Radial Clearance

The stage efficiency of a gas and steam turbine is considerably influenced

by the radial clearance. The long rotor blades in many cases are designed without

shroudJng, and leakage is decrealsed in them by decreasing and sealing of the radial

clearance between the stator and the tips of the rotor blades. Sealing of the

radial -.learances between the nozzle cascade and rotor is also an important problem.

The influence of the radial clearance on the efficiency of an unshrouded sta~c

was investigated by BITM, LMZ, NZL, KAI, TsKTI, and MEL. In addition, the TsKTI

conducted investigations of the influence of the radial clearance of nozzle cascades.

The losses in the radial clearance of a moving cascade besides the size of the

clearance, are influenced also by a number of geometric and performance paramct: rc

of the stage, which determine the structure of the flow in the peripheral sections.

These paruneters include the pitch, chord, and shape of the profile in the

peripheral. section, the flare of the moving cascade and its relative height, thc

angles of inlet and outlet of flow, and the lie and M numbers in the peripheral

section. Thus, of decisive value are the parameters which determine the intcnsity

of the secondary flows and the reaction at the tip.

The physical structure of the three-dimensional flow In the radial elearanc,

of unshruudud cascades has been studied insufficiently, and the existing methods
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of calculation mainly use a continuity equation with experimental correcting

factors, or purely empirical dependences whose field of application is limited.

The use of the continuity equation calculation is based on the assumption that

the losses caused by a radial clearance are determined mainly by the leakage of gas.

This assumption is a considerable simplification of the problem, in the solution

of which it is necessary to consider the influence of leakage of the stagnant layer

from the concave surface to the convex surface over the stator and through the open

end of the blade.

The existence of the dependence of losses in ,the radial clearance of rotor

blades on the above-mentioned parameters is confirmed by experiments. Figure 233a

gives corresponding results that were obtained

-v by LMZ and TsKTI. The figure shows the relative

too decrease In stage efficiency, a

pe 0
, 2 5' 7 '5,"I,.I. (n7IO is the stage efficiency with b = 0),

- - depending upon the relative radial clearancc for

40, different stages with negative (TsKTI experiments)

i ,-t-. i- i and positive (LMZ experiments) overlap. One

42i should note the stratification of the expeimental

,b) 0points that refer to-stages with different flare

Fig. 233. Influence of radial 0 and with a different, reaction on the mid-section.
clearance on the efficiency of
a stage with twisted, un- The influence of flare is physically explained
shrouded blades: a) change of
Sefficiency, depending upon 5 by the fact that with the change of 0 the reaction

TsKTI experimental points: in the peripheral section changes (for the given
0-0- Pp = 16%; 0 = 12.4;

= 22%; e 7.; values of p. in the root section), and the

A - A - Pep = 50%; e = 4.5; transverse and radial pressure gradients, which

LMZ experimentalp 6%; = 6.8 b) determine the structure of the secondary flows,

generalized curve of losses in also change In the channel at the tip. An
radial clearance, according to
A. le. Zaryankin; experimental increase of the reaction on the mid-section leads
points: 0-O- 0 = 12.11;
x - x - 0 = 11; 0 - - 0 to an increase of the reaction on the periphery
- 7.7; A-A-- 4.5.

and consequently, to an increase of leakage.

Of Interest is an estimate of the influence of blade twisting on the losses

in a radial clearance. A comparison shows that for small relative clearances the

efficiency of a stage with twisted blades is higher; with the increase of the

clearance, the advantage of twisted blades decreases and it disappears when the
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clearances become large.
The results of the experiments make it possible to conclude that in a wide

range of variation of 6 the dependence Au(6 can be assum,.d to be linear.
The losses due to the radial clearance depend on the performance parameters:

u/c, Re, and M. The influence of u/c is explained by the fact that when
this parameter changes, the reaction in all sections of the stage changes, including
the reaction at the periphery; the intensity of the secondary flows, which depends
-on t.ie entrance angle 13.I, also changes. The Re and M numbers render an influence
on the intensity of the secondary flows in the peripheJ:al sections of the channel
and in the clearance. However, the influence of the last two factors has not yet
been studied.

The losses due to the radial clearance are decreased by applying the various
methods for aerodynamic sealing of the clearance which are shown in Fig. 234. An

hi investigation of the influence of
tapering blade ends (variants I and

fIa) 
made at the NZL laboratory proved

that this method for lowering offf V leakage did not give the expected

results. However, the application

4 of tapered blades in an unshrouded

stage design is practical in certain
cases, since it makes it possible

to apply smaller radial clearances

S' 1 'in real machines. It should also
1* V/ be borne in mind that tapering that

, is done on the back provides a

0 20 " 'certain increase of stage efficiency.Fig. 2311. Methods for sealing the radial The experiments performed at NZLclearance of unshrouded rotor blades andtheir influence on efficiency, depending on confirmed that the optimum value ofthe given clearance, 6
DUB' LMZ experiments.

For variant V: point 0- 6p 5.7 mm; 6a, undercutting amounts to 2-3.0 mm,
S 8 mm; 6a p= 3 mm; 0 - 6p = 0.275 am; depending upon the radial clearance.6 .- 2.7 mm. For variant VI: point x - 6a  The best results are providu

b :2 6a.- 3 Iflm A- pa  P = 3 mm; by tapering that is accomplJshedIra m; A- 6a  3 jamn; F 1.0 ram; baj-
-- 18 nun. li ht of rotor blade, 1= 89 m. along the entire periphery o" a

blade at the tip (see variant II
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in Fig. 2311). The end of the blade has a recess (chamber) which creates an

aerodynamic clearance sealing without distortion of the profile at the tiP.

The radial clearaice can be organized differently by making a negative (variant

III) or positive (variant IV, Fig. 234) overlap. In the first case the stator

has a smooth cylindrical or conical surface. In the second case the surface has

grooves.of steps. An intermediate variant of V is possible with zero overlap at

the entrance to the moving cascade. An experimental check in a turbine showed

that the positive overlap (varlaft IV Together with the circular taper according-to

variant II) gives the best results. This method of setting up -a radial clearance

is especially expedient to apply in stages with relatively low blade heights.

A check of the other variants confirms this conclusion.

The experimental data shown in Fig. 234 were obtained at the L4Z laboratory.

The illustration represents the dependence of stage efficiency on the given

clearance, which is determined by the formula

62 : 0 6.:-4-

Thus, for example, sealing according to variant V for large clearances 6 has an

essential advantage, while for small clearances it yields to variant III. A-

Investigation of variant V indicated the dependence of its dependence on the axial

clearance.

Considering that the losses in a radial clearance depend essentially on the

reaction at the tip in stages with unshrouded rotor blades, nozzle blades inclined

toward the fln or curved blades should be employed (see §§ 37-39). For a

selected reaction in the root section, the reaction at the tip can thus be

considerably decreased.

Several empirical formulas are proposed for calculating the losses in a radial

clearance. Im attempt to generalize some of the available data, which was

undertaken by A. Ye. Zaryankin, indicated that many of the points lie on a straight

line which corresponds to the following equation (Fig. 233b)

1',

wher: Is the reaction on the mean section; a, and b are experimental coefficients

that depend on the mcthod of organizatien of the radial clearance (Fig. 234). For

-390-



stages with negative overlap overlap and smooth casing surface (Fig. 234, II),

it may be assumed that a = 1.37 and b = 1.6. For positive overlap and with

aerodynamic sealing of the clearance, and also with inclined nozzle blades, the

coefficients a and b are lowered.

Influence of Overlap and Shroud

I. I. KiTillov investigated the influence of positive and negative overlap on

the performance of a stage. The curves of the decrease in efficiency which are

illustrated in Fig. 235 depending

\ II ~upon the radial clearance,

graphically depict the especially

t profile)s idhsharp lowering in efficiency with the

\9 growth of 6 for negative overlap

(see variant III in Fig. 235).

These data once again prove that

unshrouded rotor blades should be

designed with positive overlap and

an aerodynamically sealed minimum

radial clearance.

The application of shrouds with

Fig. 235. Influence of radial clearance for well-developed sealing on rotor

shrouded and unshrouded moving cascades on
the efficiency of stages with different blades makes it possible to
flare, according to experiments of I. I.
Kirillov. For Ree= (3 to 1I)'i05; Mci = essentially increase the efficiency

0.3 to 0.5. Variant I - with shroud1 and of a stage. Thus, for instance,
positive overlap; II - without shroud and
with positive overlap; III - without shroud according to the experiments of I.
and negative overlap.

I. Kirillov, the application of a

shroud in a stage with 0 = 4.5 provided a 3 to 3.5% increase in efficiency for an

optimum velocity ratio of x 0.56.

For other stages, the influence of a shroud may be estimated by means of

Fig. 235 (variants I and II). Even with small radial clearances, the installation

of a shroud considerably increases the stage efficiency. The experiments of

A. M. Zavarlovskly also confirm an essential increase in stage efficiency resulting

from the application of shrouds with shroud seals. For small relative radial

clearances, a shroud Increases the efficiency by 2-2.5%, and for large ones, by

3-3.5%.

A shroud does not only lead to a decrease of leakage; a shroud removes the
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additional end losses that appear in the flow around the open ends of a blade.

This conclusion is confirmed by U4Z experiments: an unshrouded stage with a small

radial clearance, 6r =0.27 mam, has an effilciency that is 2% lower than a stage -

with a shroud.

The influence of the radial clearance and shroud for a nozzle cascade was

investigated at TsKTI. Three diagrams of the test variants are shown in Fig. 236

(I, II, III). The results of stage

-, tests showed (Fig. 236a) that a

CJ /54" " shrouded nozzle cascade with two

NJ 0.5 0,75 1,0 1,25 , sealing chambers has a higher efficiency

.' -f-Jil79,'tqf-- in a wide range of variation of the-- . . 02 -,w Q.", t-:
fI 9 I NJ9 GIr =;'
O 1g 1  relative radial clearance, 6p =

0 0.25 0.5 0,5 , =PI-Y (Fig. 236a). A study of theI d
Fig. 236. Various methods for sealing the

radial clearance of a nozzle cascade:- a)
influence of given radial clearance, 6 section showed (Fig. 236b) that an

=6p /Z-dy/d, on stage efficiency;b,
'Increase p from 0 to I% noticeably

influence of given radial clearance, 6* H I
= p increases the stage efficiency,S=6p :i/4 (z is the number of sealing

chambers), on relative stage efficien.y. since this decreases the pressure
According to experiments of V. G. Tyryzhkin
and B. A. Shirker TsKTI), with 0 = 4.5, drop in the radial clearance.

Rec = (3 to J).iO , and Mci = 0.3 to 0.35. The application of a developed shroud

seal with number of chambers z > 2

considerably increases stage efficiency. It is natural that the maximum permissible

decrease of the diameter of the shroud seal (variant IV), which is done in the KTZ

designs, promotes an increase in efficiency.

In connection with the noted influence of the root reaction, we should once

again emphasize the expediency of the application of nozzle blades inclined toward

the flow, which ensure a minimum reaction in the upper sections.

*The model of turbine stage rBI{-200 that was tested in te LMZ laboratory,
which was designed with an IM untwisted nozzle cascade TC-2A, has a high efficiency

(ion = 0.93 to 0.92, without taking into account the losses with the outlet

velocity) with 0 = 4.6.

**In Fig. 236b, the relative stage efficiency 'ion = on/oa0 is represented de-
0

pending upon the relative radial clearance, 6p i; the magnitude of efficiency non 0

characterized the stage when 6 = 0.
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The effectiveness of a stage also depends on the correct selection of the

upper and lower overlap, which, as indicated, can vary from negative to positive

values in an unshrouded stage.

%Investigations showed that the upper overlap in unshrouded stages can vary

in certain limits from A i = -2 = + 0.01 to +0.02, whereby the stage efficiency

in range of variation of Al- practically does not change.

The lower overlap should also be always positive, especially for large axial

clearances (Al > 0); the limits of its variation for certain types of stages

were established experimentally and amount to Al. = 0.005-0.015 [6], [16].,

The influence of the upper overlap in stage with shrouded blades was subjected

to an experimental study [5], [ 47]. This problem was also solved theoretically

[39], [(47 (see also § 22).

For a stage that has no shroud seals, A. M. Zavadovskoy recommends that the 44

upper overlap be determined by the following formula:

= (0.7 +0.8) k

jwhe re

,+

is the relative open axial clearance; k is a coefficient that characterizes the I

flow swirl in the clearance, which determined by the formula

Influence of the Inlet Conditions and the Shape of the

Meridional Contour of a Nozzle Cascade

In conclusion, we shall consider the influence of the conditions of inlet to

a nozzle ciscade and, in particular, the shape of the diffuser. The indicated

investigations were conducted at the TMZ and BITM laboratories, the LMZ experiments

involved the study of the influence of overlap at the entrance to the nozzle

cascade st1own in Fig. 237. With the increase of distance 62 and the decrease of

overlap J, the stage efficiency increases (Fig. 237) with a corresponding decre -e

of losses in the nozzle cascade (see § 35, Fig. 213).

lt should be noted that the rea.ions in the peripheral and root sectLons

e:ssentially d~pend on the magnitude of overlap A 0 and the distance (clearance) F)*
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Fig. 237. Influence of overlap at the o..'-
entrance to a nozzle cascade on the .07.55 4 6 0.7 z,.u/c,

efficiency of a stage with various P.

clearances LTMZ experiments with

* Rec = (5 to 6)-105, Me, 0.5, and

e 4.6.

Actually, an increase of the clearance

6 with constant overlap leads -10 0.5 05.5 0.6 .' 0.7 47

to an increase of the reaction at the Fig. 238. Influence -of the shape of the

tip) and in the root section. An in- upper contour of a nozzle cascade on the

stage characteristics: a) on stage effi-

coeciency; b) on degree of reaction at tip;
crease of overlap lowers pr1 and p H c) on degree of reaction in root section.

at the given value of the clearance 6 LMZ experiments. Reci (5 to 5

An expecially intense growth of the Mci 0.5; 0 = i.6.

reaction occurs with the growth of 6 for small clearances, L < 0-60%.

A further development of this investigation is the detailed study of the

influence of the shape of the meridional contour of a nozzle cascade on efficiency

and the reaction, which was performed by LMZ. Diagrams of the test variants and

results of the investigation are shown in Fig. 238. Maximum stage efficiency is

attaincd with a cylindrical stage contour (variant A). In the presence of overlap

at the entrance (At0 > 0), the best results were exhibited by 1tae variant of

contour VI with a small cone angle of the diffuser before the nozzle cascade.

Variants A and VI have practically identical efficiency.

The least economic and practically Identical variants were III, II i , V, ano
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IX, which arc charact.rized by large cone angles of the upper contour either befure

the nozzle cascade (variants V and IX), or inside the cascade (variants III and III,).

A certain increase in stage efficiency at large cone angles was attained by making

C) annular grooves on the generatrices of the diffuser (variants VIII and IrX). However,

at mode;ate cones angles, less than 500, the application of the annular grooves

proposed by V. K. Migay results in a negative effect (see variants IV and VIT).

A comparison of variants II and I I makes It possible to establish the

expediency of increasing the con2 angle of the upper contour toward the nozzle

cascade exit; variant II. showed an increase in efficiency by approximately 1.5% -
(Fig. 238a). i

The presence of an axial clearance at the entrance to a nozzle cascade, 6L, has

an essential effect only with small cone angles of the upper contour. With large

ongles, a small axial clearance hardly affects the efficiency of a stage (see

variants I and 1 II and IIl, III and III).

The considered experiments distinctly show the very considerable influence of

the cone angle of the diffuser before a cascade and the upper contour of the cascade

itself.

The results of the experiments also convince us of the fact that when the

relative overlap at the entrance is 10= 0.344, a change of the clearance from

0 to - = 0.33 preetically does not change the characteristics of the stage,
LJ L

if the channel has meridional profiling, which ensures a smooth transition from

tile height 10 to the outlet height 1, (see Fig. 237).

The change of the reaction in the peripheral and root sections clearly confirmed

that the shape of the upper contour essentially affects the quantities p. and p.

(Fig. 238b and c). The maximum values of the reaction at the tip pr end the

minimum values in the rool section were obtained for variants I, II, and III,

which have conical-cylindrical upper contours with moderate overlap at the cntran-.,

At0 = 0.344. For a large overlap, At0 = 0.515 (variants V, VI, VII, and IX), the

reaction at the tip and Ln the root section is sharply lowered. Variants IV and Vj 4

are the exception.

Thp value of the described experiments consists in the fact that tley indicated

tle essentiil influence of the shape of the upper contour not only on the efficie _'y

of the st., e, but also on the distribution of the reaction, and consequently, t.e

velocUtles and angles along the radius in a clearance. It may be concludef from

this that when profiling the blades of stages with noncylindrical contours or with

overlaps at the entrance. it is necessary to consider the essential deflection of
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the flow from the cylindrical type.

The considered group of investigations also inc. jes the experiments of

!. I. Kirillov [56].

Such a sharp inflvence of the overlap and organized diffuser inlet in the 01
investigated stage was revealed at small pressure drops. With supercritical

drops in the stage, the influence of the inlet decreases (see Chapter VIII). One

should also consider that with the ihcrease of the outlet angle of the nozzle

cascade, a., the influence of the inlet condition iii the stage increases.

Organization of the IFlow Behind the Last Stage of a Turbine

The kinetic energy of the flow behind the last stage can be partialiy converted

into potential energy which, as indicated in § 24, essentially increases-the

efficiency of the stage and the turbine. This conversion is carried out in the

diffuser outlet ducts.*

Experimental investigations showed that with the correct selection of the

basic geometric parameters in en outlet duct, up to 40.50%-of the kinetic energy

behind the last, etage c 2 .,/2 can- be reitored.

The basic elements of an outlet duct are the diffuser (axial, radial, or

diagonal) and the housing (shell), which extracts the gas behind the diffuser in a

direction dictated by the design of the machine.

The structural types of outlet ducts that are encountered in practice are

very diverse and cannot be considered within the scope of this book. We shall

mention only certain results ok investigations where were obtained at MEI.

The basic geometric parameters of a duct with axial and radial diffusers are

shown in Fig. 239. The geometric divergence of the duct is characterized by the

ratios of the areas of the outlet and inlet sections:

= FIFsandf, = F4/F3,

where F2 and F3 are the areas of the inlet and outlet sections of the diffuser;

FI4, is the area of the outlet section of the duct.

Other important geometric parameters are:

1. The relative length of the diffuser T. = 1/ 2 ('2 = ,(D2 - D2 0) is the

width of the ring at tne inlet; D2 and D20 are the external diameters of the

dlffuer at the entrance).

SevLion 2I giv,,s the results of the calculation and investigation of vaned

dl'fusers for stt. 's with a low velocity ratio x(,,. )
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F;Lg. 239. Diagram of an outlet duct qnd the depen-
d:once -f its coefficient on the Reynoldna number for
various diffusers: I - diffuser with staight cut-

6ff; 2 - diffuser with slanted cutoff; 3'- diffuser
without housing. MEI experiments: F/F 2 = 2.6;

• 4 /F 2 = 5.4.

'2. The cohe angles of the inner and outer contours of the diffuser, y. and -y O"

3. The distance between the outlet section of the diffuser and the wall of

the duct, T = T/l3 (l3 = !(D3 - D3 0 ) is the width of the ring at the outlet; D3

and P3 0 are the external and internal diameters of the diffuser at the outlet).

4. The dJmehsions of the duct housing: Hi - the height of the upper portion;

H2 - the height of the lower portion; L and B -- the length and the width of the

outlet section F4 .

The enumerated geometric parameters are interconnected. Depending upon the

permissible building dimensions of the duct, various optimum combinations of the

indicated parameters are possible.*

Essential features r[' the performance of a duct are tne nonuniformity of

distribution of static pressures and flow rates along the height I2 and along the

circumference at the entrance, and the high degree of turbulence. An important

feature is the asymmetry of the exhaust, which is prompted by the necessity of

e:tractlng the gas flow at a right angle to the axis of the machine. The negativd

Fop optimum combinations, the degree of pressure recovery in a duct will bu
(lIfferent.
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influence of rr..ation may be distinctly seen in Fig,, 29, which represents the

.u,'ves of the coefficients foi a duct that con'sists of a- dilffuse-r and a shell

(curve i) and for a diffuser without a sheel (curVe 3). Let us recall that

the duct coefficient is the r~tio of heat drops:.
H -°

where H02 is the isentropic drop, which corresponds to the ex-pans$6hnfrom. the

stagnation pressure Lefore the diffuser to the static -pressdr6 behind the duct POg;

H10 is the isentropic diop, which -S equivalpnt to the k-inetic energy of the flow
2behind a stage (Ho1 = c/.

It !,s not difficult to see that if Cn > ''0o2 > 2 then " and

the outlet duct is not of the diffuser -type; if n <i,. thenP4 >P 2 and the duct

restores part of the kinetic energy behind the last -stage, whicli is equal to

I - (in relative quantities).

The duct coefficient is cormected to its efficiency by the evident relationship-

2

where h2  c /2H, is the kinetic ehi.ey of the flow at the outlet from the duct

(referred to the quantity 1o1 = c 2).

The -curves illustrated in Fig. 239 how that if the degree of restoration of

kinetic energy in a diffuser amounts to i - On = 40-45% (curve 3), then, with a

shell, the restoration is lowered to i - Cr= 25-30% (curve 1).

The experiments confirmed the possibility of a considerable increase in the

degree of restoration. Thus, for instance, the design of a diffuser with slanted

cutoff (cutoff angle y , = 160) makes it possible to increase the restoration to

a quantity that is very similar to a single diffuser without a shell (curve 2).

This result has an important practical value. In accordr.ice with the

physical features of the motion in a diffuser, i duct with an asymmetric outlet

should al.,z have vn asymmetric diffuser. The outlet eunditions then sharply improve

for t.he upper and lower halves of the diffuser, the uniformity of distribution of

parameters around the circumference at the entrance to the diffuser increases,

the efficiency of the duct increases, and thi reliability of the blades of the

last stag,, which in this case experience a smaller vibration load, also increases.

The design advantage of-such a-duct with a diffuser having a lanted cutoff

consists in that the height of the upper part of the housing H, (or Hi - D1/2) can

be consid (rably decreased. Experiments confirm that a diffuser with a slanted
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cutoff has more favorable characteristics than a diffuser with rotary blades.

The zurves in Fig. 239 Lhow that with the growth of- the Reynolds number, when

Re < 5-1 , restoration in the duct decreases, and then increases. Thls is

( explained, obviously, by the fact that with the increase of Re the region of the

trahsiti...; sf laminar conditions to turbulent conditions moves in the direction

opposite the flow.

Systematic investigations of the influence of the most important geometric

parar ters of a duct make it possible to determine the 0ptimum ratios which are

presented in'Teble 20. As the initial (ihdependent) parameters we selected:

I - the flare of. the last stage, which is determined by the ratio e = d/1;

2.- the relative -dimensions of the duct outlet;

3 - the M number at the inlet.

Table 20. Optimum Geometric Parameters of an Outlet.

Duct with anf Axial Diffuser*

Initial data. 1: Optimum ratios

-~0.6-.08 0.02.5-3, 4-5.5 1.0 56 1O-- 150 5-8'04-. 12.:-16*
-40.6-0. 0.3-5 Z.2-2.5 5-6, 1.2 4 10* 2-W~06-. 16*25 10.6-0.8 .3-0, 2.0-2,25-6 1.4 3 1  0 3 06-01.0118-20

*The data given for 0 = 3 - 4 and 0 = 2.5 are
tentative and were not checked experimentally.

§ 41. SOME SPECIAL PROBLEMS OF THE THEORY OF LARGE-FLARE STAGES

With small ratios 0 = d/1 behind ar. annular nozzle cascade, nonuniformity" of

the field of stagnation temperatures is detected along the radius (eddy effect

of the stage, see § 35). In connection with the necessity of calculating this

nonuniformity, there arise two interconnected problems:

I. Finding a calculation method that would make it possible to approximatel.

estimate the magnitude of the indicated nonuniformity, depending upon the basic

performance and geometric parameters of the stage.

2. Introducing the appropriate correction into the aerodynamic calculation

stage twIsLng.

The physical causes that provoke the nonuniform distribution of stagnation

temperature in a section of an adiabatically moving flow of a compressible, viscous,

and heat-conducting liquid consist in the following. In such a flow, part of the
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Xinetic energy is converted into heat, which is propagated in the flow by means of

thermal conduction and as a result of turbulent trensfer.

Depending upon the structure of the flow, the character of the velocity

distribution along the flow through +he section, and the degree of turbulence, the )
intensity of tbW internal heat exchange can-vary cons.derably. The heat given off

v is distributed nonuniformlqy in the flow, so that some gas streams can possess a

- higher, and some, a lower, reserve of total .nergy than that which corresponds to

an ntegral-adiabatic i:low. The ctndition of 10 const for each siream separately

cannot serve as a characteristic of the flow and ah integral of the, energy equation

'in'this care.

The considered jOhenomehon of nonuniform distribution of total energy in an

adiabatic flow especially distinctly appears in a Rank vortex tube

In a turbine stage with axial\ gas flow, the vortex effect is c6nsid&rably

weaker. iowever,. at small e and large. M numbers, the nonuniformity of the field of
stagnation, temperatures behind a nozzle cascade can be considerable; therefore,

it should be considered in the thermal calculation of the stage and in the experi-

mental study of annular cascades andstages.

If, in dltg nction from the preceding, we consider the influence of not only

viscosity,, but also thermal conduction, then the fundamental equations, i.e., for

radial equ.l;Xibrium and energy, will take on the following form:
dp, dr

_- 
" (249)

d{ ,[d (i.,'1 dui i

dr " r p r ) ' I ,dr r" (250)

Here Pr = is the Prandtl number; g is the coefficient ef dynamic viscosity;

Cp is the heat capacity at 'constant pressure; X is the coefficient of thermal

condu, tlon.

The system of equations (2419) and (250) should be augmented by the equation

t'or the swl.rling of the flow, which determines the profile of the peripheral velocity

components:

r.j,' = onst, 
(251)

and alto the equation of state

p" _ kp
T k-1)1 (252)
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'The four fundamental -eqatibns contain five unKnbs: Cul , Call i, p, and p.

The fifth equation necessary .for the solution of the problem can be obtained in

the form of a relationship between the velocity components cu anfd ca,. Since

from the momentum equation for a mass of gas moving between sections at the entrance

and behind the cascade, taking losses into account, we can obtain

-. +c ,-- C.- (253)

In the derivation of this equation we used the -equation radial equilibrium

(249). We shall now use the swirl equation (251). After diffl.rentiating it, we find

if -, I dt4+,
. ...- . (254;)

After substitution into equation (253), we will obtain

i e, ,-- c., dc., = 0. (255)

We shall convert equation (250) with the help of (254) and (255), and obtain

Considering4 that !i -u const, ( = const, and Pr = const,* we shall integrate

this equation twice2- t.aking the swirling into account (251); then we will obtain

1+i ,-- =+,,,L (256)

The enthalpy of absolute stagnation of flow is determined by the formula

2. + C2. (257)

After integrating" (255) and substituting the obtained result and equation

(256) into (257), we finally find"*+

&L Pr (-L*-)j ot.2

We find the conatant, writing (257a) for the root section.

*The Pr number It may be considered as a physical constant only for an ideal
gas.

xFor simplification of the problem, In all conversions we assume that T dur O
not change along the radius.

x-Thc onergy equation (250) for one-dimensional circular motion of a viscous .

at, cal = 0 was integrated by L. A. -Vulis on the assumption that i - const and

Pr - cons L.
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Letus designate r., as the radius of the root :section; cul is the :peripheral

velocity component in the root section; then

Mant =,IX q. I.

where
I D.I,

J01 H is the enthalpy of stagnation in the root section of the nozzle cascade.

Afei substitution into equation (257a), we finally obtain

k~ai2* I +, ~ -lm...j)(258)
IC IrM - )

Since 21  k- la, where a is the critical velocity in :he root

section, then

Consequent!.cy':
+s k - I coc" 2,

- 1= 9 2 ccs " "" (+-?" '  (259)Y

where a is the outlet angle; X is the dimensionless velocity in the

root section.

The total cnahge of the stagnation enthalpy along the height of the nozzle

cascade -can be determined by the formula

where r r./r, is the relative radius of the section at the tip. Considering that

- 8+1

0-i'

we finally obtain

-- ,] R%.,cst ,( 60)

From equations (258) and (260) it follows that the stagnation enthalpy increases
(P2

toward the cascade tip, if R < 2, i.e., if the Prandtl number Pr >

An analysis of formula (260) si4o chows that the cascade losses increase the

stratification of total energy b~hind t ,e outlet section. The nonuniformity of the

fLeld of axial velocities, which is chkracterized by a decrease of cal towards the

tJip, lower., the nonuniformity of the firl'd u, stagnation temperatures behind the
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-cascade,; The influence of the method of twisting the nozzle blades may be esimated,

considering the limiting values of the index m =±1. The minimum change of 10

corresponds to the conditio. of constani. velocity circulation, cu, ;: const. The

most intense change of i~ is revealed-.with twisting cui/r =const for equal

distribution of axial velocities behind the cascade.

~ m?1IVT

415 -7 '

40

1 2'S * 5 1 7"' .. 10 ft 12 13 0,

Fig. 2410. Analytic curves of the ch-inge of enthalpy
of absolute stagnation along the radius in a 6lear-
ance, Ai 0 N9 depending upon .0 and withk

1.11 and Pr = 0.72. Curves for va.z0ous laws of
twistiLng of nozzle blades: -( otftd) mn
=I(c ui r = const); - - - - (dottnd line) mn

cui 6-c al
-r =: const) or-- = 0; - - -(dot and dash)

Thne e'irrcsponding results of the calculations are shown in Fig. 2110. Curvos

oqre. gI.ven there for Lhv relative differtence of stagnat ton enthalpies (teinprattur(_.)

41fl~ ~ ). I~iq4CoSi~c(
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depending upon and the I H, number. Calculations were performedfor k = 1.4,

Pr = 0.72, a- M

It should be noted that at small values of 9 the change of stagnation enthalpy

is essential, whereby with the growth of the quantity 0 n intensely

increases. 'Consequently, the effect of vortex stratification of total ener behind

a cascade actively appears in large-flare stage at high velocities, M1 * .

Analogous calculations may' also be performed for steam. Sufficiently accurate

determination of the Pr number is important. For turbulent gas motion it is

necessary to introduce the effective value of the Prandtl number, Pr which

may be considered constant in first approximation..

Expeieirients* confirm the existence of vortex effect in stages of axial and:

radial turbines. Figure 241 iliustrates the experimental values, of t for certain

94" 2 8 S-I' 7 8 uO 00 .2t cascades with axial,-gas i

flow whose results were given

above (see § 37). It may be

distinctly seen there that

the field of stagnation

-temperatures is nonuniform

__._oat sufficiently great

Fig. 241. Change of the stagnation temperature distances behind the cascade.
,aiong the radius behind a nozzle 'cascade with con-
inuousand separated flow. According to MEI With the- increase of

experiments: 0 = 2.88; Mcj = 0.72.d distance frofa,the trail-Ing

edges, the nonuniformity of the field of stagnation temperatures increases, and

especially intensely when there appears separation on the hub.

In the last case, the physical nature of the nonuniformity, toi(ioi), which is

especially intense in the zone of separation, cannot be described by the above-given

equations.*

With continuous motion in the root sections, the temperature nonuniformity

turns out to be weaker. However, in all cases the stagnation temperature at the

tip is higher than at the root.

"Performed at MRI by L. Ye. Kislev and M. F. Zatsepin.

N*Th2 nonuniform distribution of stagnation temperature which ac'ompanies the
separationL in the root sections behind the trailing edges of blades and is detected
in the boundary layers also pertains to the "vortex effects" in the stage.
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Especially significant is the nonuniformityr or l4ke distribitionof stagnation

temperatures in a radial stage. Studies of this t cj o;,tagd, even-4 moderate

__fta.0 exfibtence of
AF V 20 22 24 25_213 O 32 3,_4- 1 M number s, o '

nonuni xrmtj olbpin

-3- - nozzle ctscade, b-jut 41so.- behind the-

ZOr6tori -_eW .Srig 24~212

V - It rotor. Th nfuncq o12 the: vortex

effect 'that we. ectedltymust be considered

in'the calcultitions of the distributions

*Nq. of velocitid ; pieqspMrs temPeratures,

-~~ anc ~~os al6h -he radius.

Fig. 2412. Change of stagnation temper- 'tsovo htweiti
ature along the radius at the outlet from I 5o~~ htweit~
a centripetal stage with a rotor wheel,
and without a rotor wheel. MEI experiP effect is percept~ible, twisting of

ments.blades shoulA be- Verformed with the

-change of T0 ~i 1  along the radius taken into Accounit.

This 'problem may be solved approximately within the cohfihes of the simplified

flow diagram that was considered above (see § 37).

The energy equation for an absolute flow in a clearance- may- be solved in

differential form (2011') together with the equation-of rad ;!1 equilibriumn (202)y

not assuming that i0  const (_ " / 0).

The differential equation of distribution of absolute velocities in- the

clearance in this case will have the foliowing form- tee equation (206)):

I C1 orsg __2_2__or 0+

+ 5sinl agal ( , -A+ As (262)

where 11~ is the current value of the available heat drop in the nozzle cas(.adc;
01-

1L='q2 is the efficiency of the nozzle cascade.

By uaing formula (258), It is- not difficult to obtain

di,=INP(TI+ 1) -q V C'Kcs ' (263)
r

Formula (265) considers the change of total energy in the clearance along

the radius, which is caused by the vortex effect only. In reality, nonuniiormity
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of the field io can also be brought about by other causes.* In this case ic is

necessary to assign the function ioi(r) on the basis of physical considerations

and introduce the appropriate term into equation (262), which may be integrated

by the numerical method.

It is of interest to estimate the change of stagnation enthalpy along the radius

in fractionsof the available heat drop in the root section of a stage by the

formula

Form ula-o R, ,a, j-)(,-QJ. (264)

Formula (264) is obtained with the help of the following evident relationships:

ifix Is x -- h.,c~~t 2A
VJ

where h0  is the available heat drop in the root section of the stage; hoi H is

the available heat drop -in the nozzle cascade in the root section; pE is the degree

of reaction in the root section; i2 t K is the enthalpy of the flow behind the stage

in an ideal process for the root ,section.
-The aboVe-stated method makes it possible to approximately estimate the change

of static parameters behind. the cascade. Thus, for instance, with the help of

formula (25,6) we can find the enthalpy distribution of the flow behind the cascade

M 2

and the distribution of static pressure

k

P1 Pr (I -I -q)(I -Ym, --f
- I.;, +

k ( -I ~
I 14

In conclusion, it should be stressed that the proposed method* of estimating

the nonunLrormity of stagnation temperatures in the nozzle cascade is quite

ripproximat, and its error should be thoroughly tested by experiments, the quantity

oV which D. still insufficient. At the same time, when carrying out experimental

inv, tigations of cascades and stages with large flare, at large M numbers it is

x'Paken into account are the nonuniformity of the tempetature field at the com-
bustion .h'rimber outlet, the influence of the preceding stage, at whose outlet i0 2 is

not constant, the influence of cooling, and other factors.

4Devcloped jointly with Ye. Ile. Likherzak.
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necessary to measure the stagnation temperatures in a clearance and behind the

stage.

I

I
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C H A P T E R VIII

LAST STAGES OF CONDENSING STEAM TURBINES

§ 42. DESIGNS OF LAST STAGES

In domestic and foreign turbuine construction there are various designs of

the last stages of condensing machines. This distinction of stages may include

the following:

Meridional,Configuration of Stage

The meridional configuration of a stage is determined by the transition from

the preceding stage and by the selected law of variation of stage diameters. In

the low-pressure portion of steam turbines we find three laws of variation of

diameter:

a) constancy of root diameter, see [137] for example;

b) decrease of root diameter, see [138] for example;

c) increase of root diameter, as, for example, the low-pressure flow area of

the LMZ K-300-240.

It is obvious that the most favorable external configuration of the flow area

is attained in case "b." However, sometimes because of the conditions of disk

strength and the reluctance to obtain low blade heights in the first stages of a

low-pressure cylinder, and also for decreasing the number of stages, designers re-

ject this type of flow area. The least useful variant is "c," since it causes a

very sharp increase of the diameters on the periphery of the stages, where it is

difficult to attain a smooth transition from one stage to the other.

The angLe of incidence of the upper configuration of a diaphragm is sometimes
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decreased by considerably increasing its width. An example of this is the diaphragm

of the last stage of the 4Z turbine HBf-200.

This method is feasible only in very rare cases, since the overall design

requirements, including the forging dimensions and the requirements of rotor

reliability, do not make it possible to essentially increase the width of the

diaphragm. Furthermore, a large diaphragm width requires such a large nozzle

cascade chord that 1/b turns out to be very small and the influence of end losses

becomes considerable. If, however, the blades in a wide d!&phragm are narrow, then

the long entrance section which is f .-mad will undoubtedly create additional losses

(see Chapter VII).

The external meridional configuration of a diaphragm also will be different.

Two fundamentally different solutions are possible: a purely conical configuration

and a configuration with a smooth transition to a cylindrical surface. The results

of tests performed on stages with various forms of external meridional configuration

are given in §§ 40 and 44. It should be borne in mind that for a flow of moist

steam the first type may possibly be better' or removing moisture and may appear

to be more expedient. In certain turbuines, the desire to remove more moisture

renders an influence on the configuration of the external contour; in particular,

this requires the lowering of the initial entrance point of the external contour of

the stage.

Technology of State Manufacture

Nozzle blades can be manufactured by various methods. Recently, blades manu-

factured from a sheet of constant thickness have been widely employed (see diaphram

of last stage of LMZ turbine HBK-200, shown in Fig. 243). These blades made it

difficult to obtain the necessary profile shape and its desired variation with

respect to height. The thin leading edges created large sensitivity to the variation

of the leakage angle. In the last stages of turbines, due to the inaccuracy of

calculation of the preceding stages, noticeable deviations of the entrance angle

aO from the calculated value are possible. Because of strength conditions these

blades usually were very wide or they required additional partitions, which cause

a lowering of economy (for instance, the last stage of the turbines BKT-100 KhTGZ

and BI-200 LMZ).

The transition from sheet blades to solid ones makes it possible to increase

stage economy.
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NZL experiments showed that for a stage with blades 1= 22.5 mm the replace- (3)
ment of stamped sheet blades by TC-2A MEI milled blades led toa 4.2% growth of

efficiency [41]. MEI experiments with the last stage of a 25-Mw turbine with

d/1 = 3.7 and I= 60 mm (in a model) and two diaphragms, i.e., with blades

ste' ped from a sheet of constant thickness and with milled blades, in the last case

showed a gain in efficiency of M)oi = 4 to 6%

Solid nozzle blades can be welded and stampled. These blades are applied in

the latest KhTGZ turbines [122]. These blades, undoubtedly, are better than the

sheet type, but, due to conditions of technology, it is difficult to arbitrarily

change their shape with respect to height. The latter is necessary for l.imiting

stage, where the M number changes so much with respect to height that the various

sections, in accordance with the flow rate, must be designed differently in

principle.

For rotor blades, just as for the nozzle blades of limiting stages, where

there is a large difference with respect to height in the configuration of the

profiles and the conditions of flow, manufacture of blades by means of a three-

dimensional master form is more preferable than angular milling.

Stage Heat Drop

For stages that are designed for large heat drops, and consequently, for high

exhaust velocities, the M numbers in the nozzle cascades, as well as in the moving

cascades in a number of sections - especially in the root sections of the nozzle

cascade and in the upper sections of the moving cascade are so much greater than

unity that special profiling is required.

The Ratio 0 = d/1

There are presently stages with the ratio e < 2.5. In these stages there is a

very large difference in the entrance angles of steam into the moving cascade (angle

which reaches a peak value of 160-165° . This requires special moving cascades

with a very low rate of flow. For small d/1 the velocities change very significantly

along the height. An important design feature of stages with small d/1 ratios is

the considerable increase of the absolute cascade pitch from root to tLp.

Thus, i1' at 0 = 5 the pitch t from root to tip increases 1.5 times, then at

0 = 3 It Increases 2 times, and at 0 = 2.5, 2.33 times. It is obvious that, by

malntainnIng the blade ehord approximately identical with respect to height on all (
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radii, it is not possible to obtain cascades with optimum relative pitch = t/b.()
Therefore, the nozzle blades in stages with small d/1 frequently are designed with

an increase of chord from the root to the-peak value of chord.

Reliability Conditions

The requirement of ensuring the reliabi)41ty of rotor blades limits the designer

in the process of making profiles and channels optimum from the point of view

of aerodynamics. The last rotor blades, especially limiting ones, require thick

profiles in the root section, an decrease in area with respect to height, and very

thin profiles at the tip (see profiles in § 43). The scvietf3.es desirable decrease

of pitch in the upper sections of the rotor blades leads to an increase of their num-

ber, which usually is limited by the strength of the disks. There are possible

cases when the increase of pitch is limited by the strength of the wire connections

of the cascade.

Vibration reliability of blades requires the installation of connective or

damper wires which not only noticeably lower the economy of these sections, but

sometimes block the flow so much that it significantly disturbs the process of flow

also in the adjacent sections. All this leads, as compared to the calculation, to

a redistribution of flow rates, angles, and reactions along the height, and in a

considerable part of the stage it affects the flow. In a number of cases when

drilling a blade under a wire, the profile is thickened in this spot, which results

in a change of the flow process. An especially unfavorable effect is brought about

by the installation of several rows of wires in direct proximity to one another.

A disturbance of the flow can appear in this case even at a large distance from

the place of installation of the wires.

From these positions, it is favorable to replace the connective Wires by an

external shroud, which decreases steam leakage over the blades. Such blades are

applied by certain foreign firms [147). Unfortunately, we do not have any

experimental data which characterizes the influence of a b ade shroud on the removal

of moisture.

Anti-erosion protection of blades is carried out in last stages either in the

form of stellite inserts, or by means of special treatment of the blade surface.

Both these, and other methods can lower the effectiveness of given sections.

SI.ellite inserts (that are correctly made), according to the results of MEI

-411-

-lii



experiments, do not render a perceptible influence on cascade losses. 0
Selection of Law of.Twisting

At present, all stages with small d/1 are calculated by means of the equation

of radial equilibrium in a clearance. However, as a rule, such a calculation is

performed only with simplified formulas, without considering a number of additional

factors (for details see §§ 37, 38, 45, and 46). But also in this case it is

possible to select a law of twisting that determines the change of angles a I and

12 with respect to height, and consequently also the geometric characteristics of

the stage. The mean values of the angles depend on the dimensions-of the stage and

the volume steam admission. Usually the next-to-the-last stages of condensing

turbines it is necessary to design the cascade with very small angles aI and small

angles P2, accordingly, in order '6 provide a smooth transition to the last stage.

In the practice of designing last stages we encounter laws of twisting with

cylindrical nozzle- blades, with a nozzle cascade that ensures the constancy of

angle a1 &long the radius; cascades with angle a1 increasing from root to tip, and

flnally, we may find nozzle blades with a decrease of angle aI from root to tip

(see Chapter 'VII)..

The outlet angle the moving cascade P2 -either remains constant (cases of

helical blading are rarely encountered) -or-usually Aecreases -somewhat from root

to tip.

A special case is a two-level stage that preceeds the last stage (the so-called

Bauman stage). An example of this stage is shown in Fig. 243. Two-level stages

are applied by the Metro-Vickers firm and by our LMZ. In particular, a two-level

stage is included in the LMZ turbines CB-150 and HBK-200.

It is sometimes considered that a 'two-level step is hardly economical and

therefore it Is not expedient for use i high-power turbines. This opinion is based

mainly on the results of testing the turbine CB{-150, the low-pressure cylinder of

which indicated an unsatisfactory economy. The low economy of the two-level stage

of Qhe exis!ing turbines, 1n our opinion, is caused not by the specific peculiarity

ol' this sLawe, but by its incorrect designing. This was indicated in the following:

1. SecLions of cascades of last stages, and especially the upper level of the

next-to-the-last stage, were constructed without taking into account the peculiarities

of supersonic flow, although it is known that in many sectionb of these stages the (.

-412-



steam rates are considerably higher than critical. Stamped nozzle blades, for a

variable M number with respect to the height of the entire stage, were not generally

designed. Moreover, manufacture of nozzle blades

of the lower and upper level from one sheet inevitably

Mconnected the configuration of these cascades with

a high supersonic velocity for upper, and with

a velocity close to 14 = I for the lower one.

2. A partition between levels in the nozzle

blade was made only in the outlet section. In a

large part of the channel there occurred free move-

ment of stage from one level to the other; this

disturbed the flow, but was not at all considered
W iin the calculation.

Fig. 243. Two-level next- 3. The chords of the nozzle cascades of the
to-last stage and last stage
of a large steam turbine, upper and lower levels, and also the last stage, are

so large that the relative height of these cascades 1,/b, cp is commensurable with

the first stages.

Ntxt-to-laat stags
Turbine Last SUP lover level uMpr leel

CB1{I5O 1.25 1.8 1.10
JBK-200 4/0.9 1.34 I.00

It is obvious that in these stages the end losses considerably lower the

economy.

J. The stage sealing is not satisfactory. The clearances are very great, and

consequently, the leakages between levels also; they are also large over the rotor

blades.

The economy of the low-pressure part of a turbine with a two-level stage can

be of the same order as without it.

Actually, J.nasnuch as e level has a low height, and consequently, a d/1

ratio at %ihLch the reaction varies insignificantly with respect to height, it is

not, difficult to profllc the cascades of the next-to-the-last stage. As it is

known, when designing lasl, stages, large difficulties arise when making the root
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sections; the angles P, and 02 are very small'in them. For a two-level stage, where

d/1 > 5 in each level, this difficulty is eliminated. The upper section of the

moving cascade is very complicated; the P angles reach 150-1600 there. The angle

P: for the uDDer level does not exceed 120-130° . Inasmuch as the reaction on the

level does not vary much, at the top of the upper level it will be considerably less

than at the top of the last stage, which lowers the losses due to leakage. How-

ever, leakages of steam from the lower to the upper level through the clearance

between the diaphragm and rotor blade remain. For eliminating this, one might

install a good sealing here.

For sections of the nozzle and moving cascades of the upper level, where the

velocities are maximum, it is-possible to select cascades with moderate losses

(see § 43).

In particular, apparently, one should apply nozzle cascades with divergent

channels, i.e., Laval nozzles. Since the exhaust in the moving cascades of the

upper level occurs with velocities exceeding critical, the velocities in the nozzle

cascade will vary only with a considerabi impairment of the vacuum, which makes

it possible to apply Laval nozzles.

In our opinion, this type of stage has several shortcomings:

First, a considerable amount of moisture will be concentrated in the upper level,

that will significantly lower its efficiency. In this case it may be assumed that

some success :in removing the moisture and, in particular, the location of the last

steam extraction in front of a two-level stage for regeneration of input water, will

make it possible to decrease the influence of moisture.

Secondly, some difficulty is brought about behind a two-level stage by the

diaphrafn of the last stage, which must either have a large inclination of the

meridional contour or a very great width. The solution of this problem requires

special investigations which make it pessible to find an optimum answer.

Thirdly, the outlet duct behind the upper level should be developed specially

by experimental means. The LMZ, together with MI, has already conducted such

research work for making such outlet ducts for the HBH-200 turbine.

Certainly, only special investigations in a twin-shaft experimental turbine

will make i, possible to exactly compare the economy of the flow area with a two-

level stage and without It; however, even now it is possible to speak of the

competitive v&!ue of the model with a two-level stage. It; should be borne in mind (
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that this model mak-s it possible to essentially simplify the turbine design, reduce

its cost, employ a deeper vacuum mha number of cases, and, in the final result,

to increase.the economy of the unit.

43. PROFILI AND THE RESULTS OF STATIC INVESTIGATION

OF CASCADES OF LAST STAGES

As a result of a detailed* calculation of three-dimensional flow in a stage

with a small d/1 ratio for each radius, and consequently, for each cascade section,

all -performance parameters are known. Thus, 'for profiling a given cascade section,

the Initial parameters are: dimensionless inlet velocity, M0 (for a moving cascade,

4i, calculated with respect to relative velocity), on outlet velocity, Mc (or

i4w 2 ), inlet angle, aO(p3), outlet angle, ( and also the viscosity coefficient,

v, which is necessary for determining the Reynolds-number. When profiling cascades

of last stages, especially limiting stages, it is necessary to consider sometimes

the very stringent requirements of strength and vibratior reliability (including

the' re:Aability of the disk and the rotor blade).. Although the use of profile

machines for t:eating blade surfaces considerably facilitated optimum cascade

proDling, with this type of profiling it is nevertheless impossible not to consider

the technology of tranufacture.

The requirements of reliability limit the selection-of the dimensions of thick-

ness or the trailing edge. the magnitude of absolute pitch (i.e., the number blades,

and consequently, the stresses in the disk), the width and thickness of the rotor

blade profile, and sometimes the value of the area of the profile, the moments of

Lnertia, and resistance.

,:election or cascades for a stage cannot be performed without having data on

the vwrAatlon of its operating conditions. For condensing steam turbines, as it

'is known, the conditions of only one last stage vary; for low-power turblines,

the conditions of the next-to-the-last stage also vary.

In a last. stage of limited power the velocities of steam outlet from the

movLng cascade, w., are noticeably greater than the critical values almost along

the entire blade height; therefore, the conditions of flow in the nozzle cascade will

x 'is de.wLiled calculation can be performed only for given values of the loss
coefi -ient, and therefore, strictly speaking, it should be conducted, based on the
results of ,0,a.ie cascade Investigations (see 15).
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vary only at very high temperatures of the cooling water: namely the veloci.5 es

c and wi , and the angle 0,. For these stages only M,1 will be practically v i-e.

For stages with computed values of W2 1, mci, MWl, and angle 01 will vary For

all last stages of steam turbines, depending upon the pressure in the conden3er,

the Reynolds number will vary.

For turbines with variable speedi. besides the-above-indicated changes,, M-ci

angle P1 , and angle a0 will vary in 511 cases. Expecially essential is the

change of conditions in stages of extracting machines.

It should be noted also that certain errors, wnich are permitted for several

reasons in the coiplicated calculation of three-dimensional flow, and also certain

manufacture deviations from draw,,ngs, require the selection of cascades which,

independently of variable stage conditions, w6uld not be very sensitive to some

variation of-the angles a0 and P, and the inlet and outlet velocities.

The main criterion in the-selection of cascade type is the Mc (or Mw) number.

Three cases are possible:, 1) completely subsonic flow in stage, 2) mixed flow;

supersonic In root sections of nozzle cascade and in upper sections of moving

cascade, and subsonic in upper sections of nozzle cascade and in root sections of

moving cascade; 3) completely supersonic flow in clearance and in relative motion

behind stage.

Let us first consider the structure of the profiles for a stage with subcritical

velocities. In this case, for the majority of sections, we should be guided by

the atlas or the profile standards, whereby it is the most expedient to select

standard profiles for the mid-sections. If we select effective profiles and

correspondingly optimum geometric parameters (pitch and angle of incidence) for

the mid-sections, then even in the most remote sections, i.e., the root and peripheral

sections, the losses will be moderate.

In accordance with the selected law of twisting of the nozzle cascade, the form

of the function al(r) it k;.'.,n. For a guarantee of the given change of a1 (r) it is

possible to change the profile angle a and the ielative pitch. It is obvious that

the gcometric parameter which has the weakest effect on cascade losses sho,,"! be

subjected to maximum changes. By using the results of cascade tests in static

conditlons, It is not difficult to estabLish which of' the two parameters (ay or

should he ,ubjected to variation for guarantee of the selected law of a,(r). With ()
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A a not very large change of a1 from root to top, it is more expedient that the relative

pitch with respect to height be maintained approximately constant and the change of

a Ibe ensured by turning the profile, le., increase the profile chord from root

to ;top. In certain cases, depending upon t.e type of profile twisting of the

nozzle cascade is rationally accomplished by s~multaneously changing ay and t.

Thus, for the solution ef the problem -on hand, it is necessary to rely on the

characteristics a I = f (Cy, Tand np =f(ay, 1) (see Chapter i)'.

In attempting to reduce the numbei of stages in a lo,--pressure cylinder, small

nonoptimal ratios u/cd, are sometimes selected for them. In this-case the angle

of entrance to the nozzle cascade can be considerably less than 900. Tiese cascades

cannot be constructed from the usual profiles that are intended for aO = 900. it

,s especially bad to use these profilesin extreme sections, where the influence of

end phenomena is perceptible. In this case it is possible to use the profiles

repommended in § 24 or to specially design them for the calculated angle a0.

Profiles for subsonic velocities should respond to the condition of continuously

varying curvature (profiles of group "A"): the diffuser sections should be as short

as possible, and the pressures gradients in them should be minimum.

In the root sections of a moving cascade, where the reaction is small, in a

number of cases it is expedient to design the divergent-convergent channels as

recommended for cascades of group "K" (Chapter I).

Of importance is thv question concerning the selection of the inlet angles of

the moving cascades. In accordance with experimental data, with the increase of

reactance, the influence of the inlet angle of flow on cascade losses decreases

(see Chapter I). Minimum losses are detected in impulse cascades at inlet angles

that are somewhat greater than the geometric angle of the leading edge. In reaction

cascades with small angles of rotation (p, > 900) a reverse picture is observed,

L.e., minmum losses correspond to inlet angles of flow that are somewhat less than

the geometric angles. For an illustration of this, Fig. 244 [98] and [99] gives

the loss coefficients, depending upon P, for the root and peripheral sections of

a moving c-scade of the limiting stage of a large steam turbine. Therefore for a

moving cascade, the geometric angles of the leading edges of the blades may be

noncolncldent with the angles of flow: fi / pia" In the root sections, 0, > piq.
The o]|fference of angles decreases toward the tip and 13 < Bia in the peripheral

) sections. In accordance with the experimental data, this law of change of 21I
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ensures minimum losses in the moving cascade.

-With a mixed flow in a clearance, the velocities in the root sections of a

nozzle cascade are supersonic, and subsonic in the peripheral sections. In this

case the shape of profiles varies
" I I Wth respect to blade height not

- - , only as a result of twisting, but

--- _ also in connection with the change

of the M number (at the outlet).

In those sections where the

v ' veiocities are subs6nic, Mc, < 0.9

_ I (upper .setions of nozzle cascac'2),

K 1.I the profiles -have- the usual subsonic

"I I -J [ '.i II -- U'-( , shape (profiles of group "A!'.* In

2 5I sections where the flow i's transonic,
1517Z ?i , 155."w 2-* r profiles of group "B" are applied

Fig., 24. Influence of the angle of leakage p
on pr6fil~ o losses of the moving cascade of
a stage with d/1 ='265 in the following (mid-section of nozzle casc
sections: root (on the left) M2 = 1.1;' in- In the root sections the MCI number is

let angle Pi, = 280 ; minimum losses at

P 35-400; upper -section (on the right): considerably greater than unity and

Inlet angle 6 =1480, minimum losses at profiles of group "B" or specially

ii15-1250. profiled divergent nozzles must be

used here. The inlet conditions vary

essentially in a moving cascade. In the root sections the profiles are similar to

impulse profiles and the inlet and outlet velocities in them are transonic or low

supersonic at the outlet.

In accordance with this, impulse profiles of group "B" or "B" must be placed

in these sections.

Only in very rare cases, under calculated conditions, are moving cascades design

designed w:lth supersonic inlet velocities. However, in this case the Mwi is not

much greater than the critical value.

Frequently, especially for the limiting stages of both steam, and also gas

turbines, the geometric characteristics of the root sections of the rotor blades

diff'er esseni -lally from the standard profiles. This is connected with the reliability

6-This Is one of the most Important specific features of the nozzle casr.ade of
a last stage, which requires a new and different approach to their Investigation and
des Lin.
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of blades and disks. Usually the root sections have relative pitch T and thickened

profiles, in consequence of which very narrow channels are formed. Sometimes

thick profile edges -are necessary. Furthermore, one should consider that the root

sections of blades of last stages must operate stably during changes of angle 0,

and velocities wI and w2. Specific features of the root sections of rotor blades

of last stages are small design Reynolds numbers.

Under design conditions they reach up to I to 2-1O 5 , decreasing with the deep-

ening of the vacuum.

Toward the middle and upper sections zof a moving cascade the profiles become

reaction type. The mid-sections of a moving cascade are like the- usual supersonic

nozzle cascades which have, because of strength conditions, thinner profiles and

thinner -leading edges. The upper sections of a moving cascade differ by very small

angles of rotation, thin (almost constant thickness) profiles, and large pitch.

Optimum blade shape is the most difficult for a mixed section in a stage. Due

to technoiogical conditions, it is not always possible to completely work out this

shape. In this case the permissible deviations must be checked experimentally.

With a completely supersonic flow in a stage, the blades of the noz7le and

noving cascades correspond to group "B" and "B" or, depending upon the M numbers

in absolute and relative motion, only to group "B." It is characteristic that the

outlet areas of many sections of the nozzle and moving cascades of such a stage must

be carried out with a sligrt expansion of the vane channel and concave back in the

slanting shear.

The relationship between geometric angles and angles of flow should be different

as t.ompared to subsonic stages. In the considered case P < P,, in the upper

sections; in the root sections of a movtng cascade, when < 13j there can appear

choking conditions that are connected with the impracticability of such flows when

MwI > i.

A similar remark can be made with respect to stages having a mixed flow, in

the root sections of whic:h the flow at the entrance to the moving cascade is super-

sonic.

In an actual stage, where M., decreases from root to periphery, this "choking"

at te entrance to the root sections will lead to a redistribution of flow rates

with respect to height, and consequently, to a decrease in economy.
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An example of profiling blades for a mixed flow is shown in Fig. 25, a and CY
b. Here, in the root sections of the nozzle cascade, reaction profiles are employed

Nozzle c e for supersonic velocities,

with a slightly divergent

section at the vane channel

aoutlet and concave back in
Root section Mid-section .o

a) the slanting shear. Impulse
Moigcaavcade

profiles are used in the-

I .~~iPheripeal root sections of the moving [
-Root section cascade. The upper sections

Fig. 245. Blade profiling for a stage with mixed of the nozzle 7ascade, for
flow: a) nozzle cascade - root section (.
1.57) of special cascade with divergent channels low supersonic are-made from

and concave back in slanting shear; mid-section the-usual profile. Of group
(l4 = 0.98) of standard cascade TC-2A; peripheral

section (Mc = 0.74) of same cascade TC-2A; b) "1.11

moving cascade - root section MwI = 0.92; M 2  Let us consider- -me

1.22; mid-section MI 0.25; Mw2 = i.46;
peripheral section mw, = 0.68; 1.2 = 72. results of an investigation

(in static conditions) of

sections of nozzle and moving cascades of limiting stages of large turbines.

The distribution of velocities, angles, and reactions for the calculation-of

a limiting stage is shown in Fig. 246. This stage was designed under the condition

of a const.

Figures 247 and 249 give graphs of losses for three types of nozzle cascades

whose blades are milled (Fig. 248). For profiles with a convergent channel, minimum

losses are found at Mcit = 0.7 to 1.0. In esign conditions for the root section,

the M number equals 1.57; the profile losses have larger values. It is obvious
Cit

that the transition to cascades with divergent channels at high velocities (see

Chapter I) should leae to an essential lowering of losses. The curves on Figs. 247

and 249 distinctly show that the design of the channel in the root section with

slight divergence at the outlet makes it possible to decrease the profile losses

a few times under design conditions, and the deflection of flow in the slanting

shear also essentially decreases. It should be emphasized that the modern form

has the best results for the range of conditions that are practically encountered

in normal operation.
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For a section of the nozzle cascade that is at a distance of 0.11 from the root,

the design M1, number amounts to 1.38. The advantage of the group "B" cascade, with

smaller divergence of the vane channel (f = 1.11) in

design conditions, is obvious: the losses are lowered

X1 _IW by 4.5% in this section upon transition to the A-A

\ j , shape of the back (see Fig. 248). For a section, that

is at a distance of 0.351 from the root, the usual

shape of the back, which is applied for profiles of

U\ ! Ngroup "B," has indubitable advantages; when = 1.1,

the profile losses in this section amount to 3 to

" The given results distinctly show that for c'tain-

'- ing maximum efficiency, the profile of a nozzle cascade

Sr rshould vary in height in accordance with -the change of

Fig. 246. Distribution the Mc number. This method of profiling ensures not
of velocities and angles I
with respect to height
for the limiting stage of only minimum losses in a nozzle cascade, but makes
a large condensing turbine
(calculation performed by it possible to better organize the flow in an annular
means of a simplified
equation for radial equi- cascade. Actually, the application of profiles of
librium in a clearance).

group "B" for the root sections leads to a decrease

of the angle of deflection of flow in the slanting

shear. Since deflection in the slanting shear in a

real annular cascade occurs also in a radial direction, a decrease of the expansion

ratio of the flow in the slanting shear by means of the application of cascades of

group "B" makes it possible to decrease the radial velocity components and the

radial leakages, respectively.

The sections of a nozzle cascade that
10

f.t~etfol- o are calculated for a large Mc number may be

designed according to the method of character-

istics. Let us mention some of the feature.

-.O,, 8 " of this kind of profiling for given conditions

0.7 0s 1.3 1,5 M, of flow in a specific section. Calculation

Fig. 247. Influence of the chan- of the channel is performed, starting from
nel shape of a nozzle cascade on
profile losses (see Fig. 2118). the minimum throat area, where it is asshmed
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that4 = 1.

ici

The expansion ratio of the channel should always be assumed as less than that

found by stage calculation. Appropriate recommendations for the selection of f onT

. are given in Chapter I. However, takihg

into account the peculiarities of steam

flowIn last stages, certain deviations

A are'possible.

First of all it is necessary to

consider that supersonic cascades
Fig. 248. Different shapes of a nozzle
cascade.. noticeably react to a change of Reynolds

number at small Re numbers and:with decreases ofMc numbers as compared to the

design values. Furthermore, one should consider the inevitable additional expansion

of the flow beyond its limits, which

'. . -. is caused, in particular, bD the finite

thickness of the trailing edges.

2. 4 Given experiments for special

-ishapes of profiles of last stages

0.050 -. showed that the parameter f should be

selected according to the Mi number

-__Figure 250 shows an example of

U 0.5 0 0 25 I f, the calculation of the channel of the

Fig. 249. Influence of change of cascade root section of a nozzle cascade by
on profile losses in the ro8t section of
a nozzle cascade at aO = 90 and b = 60.5 the nethod of characteristics, and

mm. (PIE experiments); curves: Fig. 249 gives the results of investi-
(solid) - cascade with divergent chan-
nels; - - - - (dotted line) - cascadei nes, (otte lie) - casadegations of a straight cascade in this

with convergent channels. Experiments
in air, Re = (5 to 8).i05. In both section'

of these cascades the geometric parameters

F, b, a, 6,,p, and a0 are identical; Dependences of profile losses on

the M number (experiments were con-..... (dot and dash) - cascade c

from the same profiles, but with larger
pitch (with smaller f > I). Experiments ducted, by engineer Ye. V. Mayorskiy
were conducted in steam, lemax = 2.3.105.

in an air wind tunnel of the MEI) are

shown here for this cascade and for a

usual cascade without a divergent section. From a comparison of the curves, and also (
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Fig. 250. Calculation of a channel of the root sec-
tion of a nozzle cascade by the method of character-
istics.

from an analysis of the distribution of curves of stage losses, it is clear that in

a convergent channel, in spite of the favorable straightening of the back of the

profile in the trailing section, starting with M > 1.25, there is a sharp increase

in losses which Is caused mainly by separation of the boundary layer in the shock

wave zone. 4

Although the given experiments were not reduced to the design number Mel = 1.57,

nevertheless it is obvious that the losses in an ordinary cascade with this 1A number

will be even greater; these statements are confirmed by other, similar investigations.

A specially profiled divergent channel has very small losses at M number > 1.5;

at the same time, at low velocities the profile losses are essentially increased.

It is obvious that for high stability of the given cascade, it should be designed

for a smaller M number, i.e., with smaller expansion, f < 1.15. However, inasmuch

as the given cascade is intended for steam operation in a region of little moisture,

then for k = 1.135 the cascade wll have more sloping characteristic with minimum

lo.-ses at; smaller M numbers (experiments were conducted in air).

Vigiure 2'19 shows the dependence of profile losses for a cascade composed of the

same profiles, but with a somewhat larger pitch, and consequently, a smaller -qlansion



I

I --

f. The experiments were conducted in steam (final moisture content (I - x) = 0.02 N

to 0.03) at a constant Reynolds number (for the influence oi the Re ,:umber on

losses in divergent cascades, see below on p. 430).

For the root sections it is impossible to disregard the end phenomena. The

above-considered cascade (see Fig. 250) was investigated in different sections with

respect to height both in a straight, and also

in an annular cascade. The results of this

# 0.30 . investigation are showm in Fig. 251. Inasmuch

1 ~as the e~periments were conducted under different

conditions, we will not compare the total losses,

but only the end ones. For a straight cascade,

0 i-the influence of the ends is'perceptible for
Root 5 Z/b = 0.2 to Q.25, whereby'the mean value of

Fig. 251. Losses in the nozzle
cascade shown in Fig. 250 (MEI losses in this zone is greater than that of the
experiments). Curves: - L
(solid) - st-.'m experiments in profile losses by At 3%. In an annular cascade,
an annular cascade, Mcit the zone of end losses extends to z/b = 0.4 to

= 1.60; Remax = 3.3-I05;arxp 0.55, which in an actual stage corresponds to(dash) - air experiments in a
straight cascade, 1cit = 1.57; a distance of 100 mm from the root. In this zone

Re ax = 8.8 -1.. the losses increase by A C -3.8%.

1 1 i000mm (taking into account the end phenomena in the upper contour of the

diaphragm), then total cascade losses will be increased by 0.8%.

Lot us consider in detail the results of profiling and the investigation of the

upper sections of rotor blades. It should be noted that in connection with the very

large reaction at the top and the highest specific flow rate, the influence of the

economy of thpse cascades is greater than for all other sections of both nozzle, and

also moving cscades.

The configurations fo"- these cascades are specific, e.g., small thickness and

(amber of pr files, large pitch, small deflection of flow in channel, and components

sometines cuncisting of several degrees. A change of chord and thickness of a profile

is possible only within very narrow limits, since it is limited by blade strength.

These cascades, even in design operating conditions of a turbine, have high supersonic

exhaust velocities that reach M = 1.7 to 1.8; upon deepening the vacuum, the

velocities Inc'rease to Mw t  2. The MET laboratory conducted an investigation ofwt
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( ) several cascades on the upper sections of the rotor blades of the limiting stage of

a 300 thousand kilowatt turbine f99].

The results of an investigatidn of one of the upper sections are given below.

This section of th. turbine is at distance of 930 mm from the blade root. One of

forms of this section I is shown in Fig. 252. The same figure shows a d'agram of

_jpr?-ssure distribution along the profile,

.4 depending upon the M 2t number at the outlet

" ({design value of M2 t 1.72). The inlet

A& I angle is 0. ±610. In all investigated

Dei conditions the inlet convergent portion of the

. channel is streamlined on the back approximately

- identically with a sufficiently smooth change

Fig. 252. Diagram of velocity of velocity. At the same time, at the inlet
distribution along a ,profile of
the upper section of a moving on the concave side of the profile we see a
cascade (form i) of a limiting
stage (MEI experiments) at diffuser section, thLe presence of which con-
Re = (7 to 9).i0, b = 62.3 m-m,
and = 0.907. firmed the calculation of the flow that was

performed according to the channel method [93].

In general, at the entrance section of the concave wall the pressure gradient is

very small.

The diagram of velocities -around the contour of profile I allows us to make

the following very interesting conclusions. If the velocities on the concave side

of the profile are continuously variable and the diffuser sections, apparently, are

small, then on the back in the slanting shear there occurs a sharp change of pru.ssure

which is caused by a system of shocks. With the increase of velocity, this

intenmittant, shock-like character of flow is evident to a large extent.

At higher velocities the system of shocks leads to a separation, and consequentl...

to essential losses.

The dependence of profile losses on the M2 t number, which is represented in

Fig. 253, shows that in the range of M 2t numbers from I to i.J5 the losses amount

to 6 to 7%, and at high velocities, beginning with M 2t = 1.4I5, they grow sharply

and attain a magnitude of 10.5% at Mpt = 1.66. Upon transition to design conditlons

and, all the more so, to conditiono of deep vacuum, the losses will strongly Inerfcase.

Calculaion of the uppor section of the ertLre stage shows that at M = 1.8 the iossen.

In thc, moving casoade (in k.J/ktr) exce'-d the sum of lossps in the nozzle cancade ind
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with the outlet vclocity. Then, 20% of the length of the blades, in which the se-c-

tions are essentially similar, admits as much steam as 40% of the height computed

from the root.

Another cascade, form II (Fig. 253), has a straight-siddid profile at the inlet

and a smaller, in comparison with form I, angle of incidence (for the cascade of

form I, the angle of incidence is equal to 160, and for

w-, I form I-, it amounts to 80).

12 1he dependence of prdfile iosses on the M2 number is

k-- I also a'alogous for cascade II. It is true that the improve-

ment of the conditions of flow at the inlet led to a decrease

a - of losses here. At M2t = 1.35 they attain a minimum mag-
nitude, i.e., a total of 2.5%. However, starting with

Fig. 253. Profile
losses in a moving M 2t = 1.45, they grow steeply and attain 10% at M 2t = 1.67;
cascade of the upper

section of a limit- at higher velocities, they tend to grow, which is even more
Ing stage at Re - 7

favorable than for cascade I.to 9y.i05 (MCI ex-

periments). In order to increase the effectiveness of a cascade in

zone zone of design velocities, i.e., high supersonic velocities,

a new cascade was constructed. This design retained not only the performance para-

meters (inlet and outlet angles and velocities, size of throat), but also the strength

requirements profile area, thickness, trailing edge, and others). The new cascade,

which was profiled and checked experimentally, is shown in Fig. 254. After the short

inlet section, which is calculated for optimum conditions of flow at a given inlet

angle of P, = 1610, the profile does not have a concave part. Behind the inlet

section there follows a divergent channel.

The expansion ratio of the channel is less than that calculated for the given

value of M2t, and it amounts to f = 1.1011. The slanting shear of the charmel has

a so-called reverse concavity which makes it possible to essentially reduce the

losses in the slanting shear, i.e., the main losses in cascades of furms I and iI.

Suclh a rrofl.', configuration, even with pre-expansion in the slanting shear, should

lead to a stabler dependence of %rp f(M) (see Fig. 253) in a sufficiently wide

range of high supersonic velocitles. The new cascade of form III was investigated

on a 1 2 seale under the same conditions as cascades I and II. A qualitative

liloturo of tl. volocity distribution along the profile, which was obtained by drain-

nig i., is rpr sented In Fig. ?5 Jl. It is obvious that the velocity diagrams are ()
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more favorable than for cascade I. For the back of the profile here, under all con-

ditions there is observed a continuous change of velocities from the inlet right up

to the outlet, including the velocity

Z. in the expanded portion of the channel.

In the- inlet section, which was designed

Direction with two convex sides, there is no

low it. - ... diffuser region. The other side of the

profile has a less successful pressure
to .0.3 distribution, but in the expanded part

of the channel there is 6oserved a
Fig. 254. Diagrams of velocity distri-
bution around a profile of the upper continuous change of velocity under all
section of a moving cascade (form IcI)
of a limiting stage (MEI experiments) supersonic conditions.

at Re = 7 to 9.0 5; f = r/F 1 min It should be pointed out that, in

= 1.1.041; b = 62.3 mm; r = 0.907.
distinction from cascade I, critical

pressure in th.s -cascade is attained in the minimum design section. This coin Jence

is very important for an exact determination of the flow rate characteristics, the

calculated cascade areas, and the entire stage. It is obvious that an inaccurate

knowledge of the minimum sections and there parameters in them will lead to a

redistribution of the flow rates, reaction, and velocities with respect to height,

and to a noticeable lowering of efficiency (see § 44). The flow in the expanded part

of the channel is accelerated to M2t , 1.35, which corresponds to the calculation.

The integral characteristics of cascade III (see Fig. 253) are the following:

under conditions of subsonic and low supersonic velocities (to M2t = 1.35) the

profile losses are great and exceed 13%. In the zone from M2t = 1.35 to M2t 1.145

there is observe a sharp decrease in losses to Cnp = 5%, mnd at M2t = 1.5 to 1.7

the losses attain a minimum magnitude of t. 3%. Cascad III can still be further
"P

improved. As shown by an analysis of velocity distribution along the profile, the

configuration of the profile in the slanting shear should be changed somewhat, in

order to smooth out the diagrams and decrease the negative influence of shocks.

Depunding upon the requirements of variable operating conditions of a stage, it is

possible to transfer the zone of minimum losses both in the direction of smaller, and

also larger M t numbers.

For the same relative pitch, r = 0.907, cascade III was investigated at various

) inlet angles (Fig. 255). The experiments showed that even with a decrease of angle

27-
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IIi by 300 (this is possible by decreasing the actual reaction in the given section

as comparod to the proposed design reaction) both the character and the magnitude

of the losses are practically .unchanged. With the decrease of angle I in the zone

of high velocities, the profile losses tend to decrease.

At the same time, at lower velocities (M2 < 1.4), a
175

decrease of angle 0 leads to a growth of losses. ThisjI

-IV " -- is explained the large influence of the inlet secticn,

where a separation is formed on the back of the blade.

Of much interest are the investigations of the in-

fluence of pitch of this type of cascade. A change of

- - pitch, and consequently, ,also the number of blades, affects

j the strength characteristics of the disk and the conditions

(tt , -17 of flow in the root sections of the blades, where the

(* -- pi ch. is usually small and the channel is very narrow. A

section of cascade III was investigated with a calculated
130" # A, pitch- of T = 0.907, and with a 10 'and 20% decrease in

Fig. 255. Influence
of inlet angle of flow pitch, i.e., to T = 0.726, and with an increased pitch
on profile losses in
the moving cascade of to T = 1.12. Simultaneously for two values of T (0.9-
the upper section of a pac4
limiting stage (form and 1.1~c4) the angle of incidence changed by +5. Thus,
ITTI) (Mgl experiments).

seven different expansion ratios from f = F±/Fmin i to

f - 1.P8 woro investigat;ed for the given cascade. The results of these experiments

(with inlet angle 0 m ) are presented in Fig. 256. The following conclusions

ican be made from them:

a) even the biggest possible deviations with respect to *- and 0YCT did not lead
to a very large increase of losses in the calculated zone of M and (M2t = 1.55 to

M2t 2 .5t

-- ............. 1.7). The losses in the worst case are% . _ , lower than for other cascade types (see

41I.. [991).
"- .b) minimum losses at high velocities

are not attained at any arbitrary value

---. M~l.5i1 .7
-' -of f, but at the pitch for which the

0 0" ¢ 1.15 15 ¢-l given cascade was specially profiled;

gl. 2'1,. Tnt*Luenev of relative channel c) at Mt numbers essentially smaller
,'xpmn:i .n f on profl,'lo 1ossos, in a stagre
,.n W11de ( 'ri ITT) (:we Fig. 251). than the design values, the losss

-428-
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(9 naturally increase; the smaller f is, the smaller the magnitude of losses

With the increase of pitch and high velocities it is very difficult to obtain

a cascade with small losses. However, in this case, it seems to us, the difficulty

of an exact determination of the design outlet area is more essential.

Simultaneously with the measurement of losses, the outlet angle was also

determined. As can be seen from Fig. 257, .for the selected cascade 11I ( = 0.907)

the angle 0 2 from M 2t = 0.9 to M 2t = 1.67p -0

ti I, practically did not change and amounted

27-

25- - effective angle. With a smaller pitch

3- 2- - - a (E = 0.726), when the divergent section

" _ of the channel was retained, the angle 02

1.0 1.1 ,Z f, I, ,6 i 2t also changed very little. Hoever, for

Fig. 257. Outlet Pmgle of flow at the T = 1.12, just as for cascades of types I
upper section of a moving cascade,
depending upon exhaust velocity (3 = and II, when there is not divergent .part,

= 161.0) (MEI e-xperiments). Experimental
p1oints of various types of cascades: the influence of the M2t number on angle

1) cascade of type I; T = 0.907; 2) 02 turns out to be very noticeable, i.e.,

cascade II; t - 0.908; 3) cascade III; there occurs a deflection of the flow in
C= O.726; 4I) cascade III; 6= 0.907;
5) cascade III, V = 1.120. the slanting shear.

The total effect obtained from the

application of profiles of optimum shape

for the selected laws of change of M. and Mw with respect to radius may be
It 2t

estimated by the curves in Fig. 258. In the nozzle cascade, modernization of the

profiles in the root sections, where Mclt >> 1, makes it possible to lower the total

losses by P%, wiereupon the diagram of losses is essentially balanced along the blade

length. In the moving cascade the profile losses decrease by 4.5% under design

condi tions.

BIy using the graphs o cascade losses, it is possible to estimate the magnitude

of' ntag, ef ieiency. Correct aerodynamic profiling of cascades of the considered stage

with limiltlng dimensions makes it possible to increase the relative blade efficiency

by appiroxiinaleLy 3 to 5%.

The last: stages of condensing turbines operate at low values of Reynolds

numbers.

If in many cases, stages of high and intermediate pressure have Re numbers

-129-
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that are so high that the influence of this criterion may be disregarded, although k)
for last stages this disregard is not permissible. Investigations of cascades (see

4, Chapter I), stages (see Chapter IV and § 44), and theoretica,

I # calculations show that the influence of the Re number is

1! perceptible when Re < 3 to 6.i05. In last stages the Re

Nozle numbers are considerably lower. Thus, in a -last step of

J!j limiting dimensionswith p. = 0.035 bar, the Re numbers for

\ -c e / -- e-the rotor blade vary from i.5iO 5 to 2*i9 5 (t the root,

where w2 is less and Re, correspondingly, is lower). In

* ?zle . small steam turb.n'es where both the velocities and cb.rrds

2 -are less, the Re number with the same vacuum can reach

O I.... up to 0.5.105.+ Movrig

FPig. 25$. Change of It is obvious that the investigations of these cascades
profile' losses innro .los an oin ca and stages should be conducted at actual Re numbers. More-no. z If and moeying cas-

a- of last stages -

(without taking into over, cascade profiling in a number of cases should beaccount the influence
o" number). Exper- performed with their flow taken into account at low Reiental poit,s numers
i- and for numbers. Unfortunately, the investigation of the influence

initial profiles; of low Re numbers on the characteristics of cascades is
A and - for new
profl-les. allotted little attention; this especially concerns cas-

oades that operate at supersonic velocities; this is explained mainly by experimental

difi'iculties.

For last stages, the investigation of cascades at actual Re and M numbers may

be pract ically conducted in steam wind tunnels with steam outlet into a condenser.

Figure P59 presents the results of such an investigation for the upper section

of the moving cascade of a limiting stage (see Fig. 254, form III) for three values

of Mgt numbers: design M£= 1.72 and lowered

20 .. . . . -4 1.5 and = 1.0 in a wide range of
*~,T. 2t M2t

-- I:. I-- Lt-i l"Ij variation of the Re number from 9.105 to

- The dimensions of this cascade corresponded to

- -_. _ I those of the one investigated earlier in an

8 9 RC~O air wind tunnel (b = 62.2 mm, f = 0.907).

Fi. 25J9. Variation of profile At the design M 2 4 number of 1.72, the cas-
loses in tho upper section of 5
the moving oancade of a limiting cade losses at Re 8.io are small and amount to
starve wi tih ,xpnndd ohanncls,
depo('ndhj, upo)n He and M (MET 3%. Those losses are composed of the losser in

(Vxp,'ril, nto ) in a :;toa 1.(dikIfl. the boundary layer and on the profile, which,
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() .judging by the magnitude of total losses and the diagram of losses with respect to

pitch, are small; they are also composed of edge losses and wave losses. The wave

losses at such a large 14 number are concentrated in the outlet part of the slanting

shear and behind the cascade.

A decrease of the Re number somewhat increased the -losses in the boundary layer;

the losses in the edge wake for a wide range of variation of Re number also do not

-!hange. Only -at very small Re numbers less than 2-105, and with a subsequent decrease

of the Re number, the losses noticeably increase. The character of the interaction

of shocks with the boundary layer depends on the Re number.

For a smaller, off-design, M2t number, in the slanting shear of a cascade there

are observpd shock waves, in the zone of which there occurs separation of the boundary

layer, and consequently, an increase of losses. For such conditions, a decrease of

the Re number, which leads to less stability of the boundary layer, makes separation

of the layer more probable, and this leads to a growth of losses. This phenomenon

hqd a slight effect on the magnitude of losses at M2t = 1.5, when shock waves appeared

In the slanting shear, and at the same time it rendered an essential influence on

with a considerable decrease in velocity, when a shock wave appeared in the ex-

panded part of the channel, near the throat.

These experiments showed that also when M > I the Re number affects cascade

losses; however, at low Re, supersonic turbine cascades remain highly effective at

design M numbers; with deviations from design velocities, the cascade losses increase

considerably with the decrease of the Re number. In this case, specially profiled

cpscade- with divergent channels should be employed. The difference in profile losses

at M2t numbers from 1.5 to 1.7, which is obtained by a comparison of convergent and

divergent cascades in experiments with Re = 8 to 10-10 will increase considerably

upon transition to lie -- 2 to 3.10 5 . Thus, if at Re = 8 to iO.1O5 the losses for this

type of profile in a divergent cascade amount to rpccr 3-4%, and in a convergent cas-

cade cyx = 12-15%, then 'ith a 3-4-fold decrease of the Re number the magnitude of
np

osses P~Pacul remains approximately the same, while CnYw
-npnP

"'R×%riments In a steam tunnel for sufficiently large cascade dimensions (b =

= 6,.2 mm, I - 70 mm, six channels) made it possible to perform investigations at

high M numbers, keeping Re = const. The results of these experir~ents for Re

2'..5.0 const. are shown in Fig. 260.

TL [.; enocen;sary to specially stipulate the procedure of the measuremencs. At

-ai



high M numbers greater than 2.0, steam expansion

20 - already occurs beyond the bounds of the slanting

5_,-- _-shear; as the distance to the plane of measurement

8.10 fIOj. -- " from the cascade increases, the static pressure

'behind the cascade noticeably changes. Therefore,

0 #,2 " 2.2 2'., the M number was determined with respect to the

Fig. 260. Influence of M2t pressure in the chamber behind the cascade, and the

on profile losses in the losses were calculated for static and-total pressures
upper section of a moving 

Y

cascade at Re2 = const; at distance of 6 mm from the cascade. In connection

Re is the design num- with this, thd wave losses were mainly concentrated

ber.
outside the zone of measurement. In accordance with

this, with the increase of the M number greater than 1.8-2.0 (see curve on Fig. 260),

-the cascade losses do not change.

Inasmuch as the given cascade is the last cascade of the turbine, and the

v.lclty at its outlet is greater than critical, the losses that appear behind it

almoct do not influence the conditicns of flow in the cascade itself, or the force,

created by the steam on the blades; The picture of flow beyond the edges of the

lait blades w! affect practically only the conditions of flow in the outlet duct

of the machine. The influence of the losses that arise directly behind the last

cascade on the losses and pressure recovery in the outlet duct of condensing steam

turbines is insignificant.

From this there follows the conclusion that the moving cascades of last stages

can be quite effectively designed not only for the design Mw2 number (Mw2 > :), but

can also have small losses even with an essential increase of velocity. In this

ease the upper sections of this cascade should be designed for velocities somewhat

lower than the calculated ones, which will lead to expansion of the zone of their

stable operation.

§ 1i0. RESULTS OF INVESTIGATION OF LAST STAGE IN

EXPERIMENTAL STEAM TURBINES

[ we unu('rstand last stages to be stages with small d/7, then many combinations

or such stig ic- were investigated in experimental turbines. Some of these experiments

were described above in § 38. However, the results of such investigations, as a rule,

cannot be used and, all the more so, they cannot be directly extended to the last

stage ol* sterm condensing turbines. This is caused by the following factors:
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1. The stage tests are conducted in experimental air turbines at low subsonic

velocities, whereas the last stages of steam turbines usually operate with high

supercritical velocities, and only the first stages of the low-pressure cylinder

of a large turbine and the last stages of a small turbine are calculated for transonic

velocities.

2. Stage tests in experimental air turbines are conducted without taking into

account the separate influence of the M -and Re numbers and, as a rule, with Reynolds

numbers that are considerably higher-than in the actual stages of steam turbines,

where they are usually lower than ReaBTOM.

3. The peculiarities of the behavior of steam moisture are not considered.

4. The stages investigated in air-driv turbines are usually experimental

(made in the laboratory) with cylindrical meridional contours. At the same time,

the low-pressure stages of steam turbines have an intricate, usually noncylindrical,

meridional diaphragm contour and special technology.

In connection with this, a number of laboratories are conducting investigations

of last stages In experimental steam turbines. At present, we know the results of

such tests for single stages that we conducted in the laboratory of the MEI Depart-

ment of Steam and Gas Turbines [100]. Several organizations investigated a group

* of last stages. Although such tests do not make it possible to estimate the

peculiarities of performance of an indLvidual stage, they are of much interest.

These tests were conducted for model stages in the KhTGZ laboratories and at the

Westinghouse Company (United States), for actual low-pressure stages in a General

Ellectric experimental turbine (United States); tests of low-pressure cylinders of

permanent turbines are being conducted at electric power plants by ORGRES.

Tests of a Series of Stages with d/1 = 3.7 to 4.4 in an

ME1 Experlmental Steam Turbine

-' The same MEI experimental steam turbine was used for testing four stages.*

As a result of the experiments the relative internal efficiency 7oi of the

stage was obtained; it was colculated for the Inlet stagnation parameters and took

into account the following losses:

1) los. ,s in the nozzle cascade, including those at the entrance to it; 2) losses

See Chapter If fVor testing procedure. Experiments were conducted by engineer
P. V. Kazintsev and L. Yo. Klselev.
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in the moving cascade, including

-~ -T -'those at the entrance to it; 3)
Ilosses with the outlet velocity;

TI. 4) losses due to friction of theI -

disk against steam; which are very

small in all experiments since the'

steam density was low (final pressure

varied from 0.12 to 0.035 bar);

4) losses due to leakage into the

3tage, N Stageh'2 Stage h-3 Stage M'4 clearance over the rotor blade.

Fig. 2-I. flow areas of stages with d/Z = 3.7 There were no diaphragm seals
to 4.4, investigation in the lEI experimental
steam turbine. (diaphragm was solid), the disk had

no drillings, and consequently,

there were no leakages in the root clearance of the stage.

Treatment of the test results was also conducted for the value of efficiency21
owith the use of the kinetic energy of the outlet velocity

Here h0 is the available stage drop from pO and tO to p2 ; hBc was calculated by

moans of a continuity equation and for the mean stage angle P2.

The flow areas of the investigated steps are shown in Fig. 261, and their

geometric !haracteristics are given in Table 21.

Comparison of Economy of Investigated Stages

In Fig. ,12, for approximately identical performance characteristics, C = p o

and Ree =b)clt/v1 , the dependences of relative internal efficiency qoi on u/c

are g:iven for all investigated stages with the use of the outlet velocity. As can

be seen from the curves, the highest efficiency To* is attained in stage No. 3,

which is explained by the following factors:

1. The stage has contemporary, aerodynamically developed cascades with optimum

pitch. The profile losses are small in thls stage along the entire optimum pitch.

The profile losses are small in this stage along the entire height at subsonic

velocities and even low supersonic velocities. Angle ai' which is greater than in
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the remainitit :Aafres, alt.hough It lea,:; to a consdierable output los, it nevcrtheessy

linmrovcs the conditions of entrance to the moving cascade, since the latter orerates

with a smaller- deflection of flow.
. . . .

4 7012. The high relative blade height, in

- , .. I combination with large angles a, Pi, and

Sa 2' led, to minimum end losses. The meridional

- - contour of the diaphragm with small conicity

. ,on the periphery did not cause considerable

additional losses, which take place in certain

" o other stages.

Flj. 262. Measured relative in- 3. Correct selection of the combination

ternal efficiency roi (solid and ratio of areas gave an optimum reaction for

lines) and efficiency with the
use of the outlet velocity stage No. 3, while good sealing of the peripheralX. (dott~ed lines) for four

ot1 clearance resulted in very little steam leakage.S statos, depending upon u/c( .Fora stage dpe i rpion ofeThe highest stage efficiency with the useFor a stage pressure ratio of s
= 0.6 to 0.67; Re number equals of the outlet velocity at optimum e and the
b cit/V = (0.5 to O.8).105 (MEI o

experiments) (the numbers on the highest Re number, amounts to oi = 92 to 94%.curves refer to the stages in Fig.cSr). For such a stage, a further increase of economy

is possible as a result of a more exact calculation of the three dimensional flow

and a corresponding change of the profiles of the moving cascade, a better quality

of manufacture, and better sealing of the peripheral clearance. It is interesting

to note that the experiments in the LMZ laboratory for the investigation of stage

No. 21 of Lurbine IIBR-200, which has practically the same dimensions and is similar

with respect to cascade characteristics, made it possible to obtain an efficiency
x

Of noi 9? to 94i% (i31. rhe LMZ stages investigated in the air-driven turbine

had a better laboratory quality of manufacture and a cylindrical meridional contour.

Under the same conditions, stage No. I has an efficiency 1o 1.5 - 3% lower in

spite of tie good seleonjon of cascades. This is explained by the smaller angle a.,

the largr rvdial peripheral clearance, and the considerable conicity (cone angle

equals Io) of the upper meridional contour of the diaphragm.

Stagre No. 2a has an efficiency i that is approximately 8% lower than stage No.3;

thi s Us vxplained mainly by the significant losses in the nozzle cascade. The

old ntmsped i,,ofiles, even with small nonoptimum pitch 'F, have large profile losses,
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111 to %. On the other hand, even for such long blades (1 160 rm) other

end 3osses are perceptible (including frictional losses on the bounding walls of

a cast diaphragm).

Figure 263 present a graph of the distritution of losses in the nozzle cascade

of stage No. 2a. The diaphragm was tested in the same experimental turbine with

the rotor removed. In spite of the fact that T= 1/b =

% = 2.42, such a noticeable influence of end phenomena is

30L9

25 j jexplained, first, by the high surface roughness of the
20 -- cast diaphragm. Furthermore, the influence of the con-

b - tours - cylindrical at the root and coni-al on the7--I
- TI-periphery - should be considered.

27 - As can be seen from Fig. 263, the losses increase a
2 I'41 R7 93 119 145mm,

Root great deal particularly in the root portion of an annular

Fig. 263. Graph of the
distribution of losses cascade (see Chapter VI). This all indicates that even
with respect to height
in the nozzle cascade for stages with long blades we cannt disregard the end.
of stage No. 2a (W3I
experiments). phenomena, which usually are not considered when designing

these stages.

The cascade combination in stage No. 2a is not optimum; even under design

conditions, in the root sections the stage has a severe negative reaction which will

be especially unfavorably reflected in an actual turbine stage with steam suction

in the root clearance.

It is interesting to note that the stage calculations that were performed taking

into account the nozzle opening and the distortion of the meridional flow lines

(see § 45) showed a very good approximation to the experimental data. Figure 264

presents the experimental and calculated distribution of the reaction for stage

No. 2a. It should be noted that the stage calculation was performed for constant

(with respect to height) velocity and flow rate coefficients.

Stage No. I has an even lower efficiency. Its losses are of the same order

as for stage No. 2a, but an incorrect calculation of swirling (without taking

into account0 the change of pressure along radius) caused large flare losses. It

should be added to this that in this stage the profiles of the rotor blades are of

the old type with straight inlet and outlet sections and sharp variations in cam-

ber. Such cascades, as it is known, not only have large losses, but are also very
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sensitive to changes of the inlet angle, which is

bad for all long blades, and all the more so for
0,39

,2 --- blades designed without taking into account the

0 change of the reaction with respect to height.

-V Influence of Operating Conditions on

i- Stage Characteristics

0,# 0,5 ,SO- 455 0/0U/r Let us consider the influence of the three

Fig. 264. Experimental and basic parameters of a stage: u/c b, s, and Re.
calculated (dotted line)
distribution of reaction in The influence of u/cd was the usual, as
stage No. 2a: e = 0.75;
Re = O.8.10'. for the other stages that were tested. In all five

stages the value of the mean reaction is not especially great. In connection with

this, the optimum value of the velocity ratio also is not great:

(uC$) o.. _0.5 - 0,6.

Ao shown by experiments, the stage reaction in a wide range of variation of

vu!', changes insignificantly. This circumstance is explained by the fact that in

Lhe upper part of the blades P1 is close to a right angle; therefore, the influence

of t:he redistribution of drops between cascades is not great, and also the losses

due to steam leakage do not change very much. The influence of u/c) (at s = const)

on stage efficiency is determined mainly by two factors: the losses with the outlet

velocity and the changes that occur in the moving cascade at P = var.

The influence of the pressure ratios in the stage, s = p2/pO, affects efficiency

by the variation of the M numbers which are calculated for velocities c1 and w2. For

stage No. 2a with a small reaction, the efficiency 'i is determined mainly by the

losses in the nozzle cabcde. This is graphically illustrated in Fig. 265, where,

dppending upon e = p/Po, curves are given for and (c is the velocity

coefrleent2 obtained on the basis of the results of static diaphragm investigations.

'he curve for P was ronstructed depending F, = p2/po by means of recalculation of

the s., ,me reaction. Inasmuch as the experiments with the diaphragm, which are

representled here in the form q) f(.), and the experiments wit:. the stage, were

conduefed af different Re numbers, these curves can be compared only qualitatively.

For stage No. 3, the curve of qo = f(s) has a completely different character,

which in very similar to the results of experiments with cylindrical blading and a

-438-



similar nozzle cascade (see Fig. 90). Inasmuch as in stage 1?o. 3 both the nozzle

and the moving cascades are designed for subsonic velocities, the highest stage

efficiency also corresponds to subsonic conditions

S ,2 3 of fl6-w (the losses were especially increased at high

*A -velocities and small Re).

All investigated stages were tested at different

- - Re numbers. The Reynolds number was changed-,at a

e e constant c ratio, i.e., constant numbers, by M number
S , ,simultaneously changing the initial and final pressure.

Fig. 265. Change of rela-
tive internal efficiency Final pressure was changed in a number of conditions
with the use of the outlet
velocity i j and ihe value more than three times. For stage No. 4, interesting

of 2 depending upon s experiments were also conducted on the influence of
- P/Po, for stages No. 2a

and No. 3 (143 experiments), the Reynolds number for a constant stage heat drop and

variable initial temperature. As expected, the influence of the Re number, which

was detected at variable P2 and variable to, turned out to be identical. In

analyzing the results of the experiments, one should consider that in the experiments

with a single stage there is no turbulence of the

'e .. inlet flow. Furthermore, the relative roughness of

the channel walls in a model is naturally greater

than in an actual stage.
U,0 "El0 :Figure 266 shows a curve of the dependence of

Fig. 260. Dependence of maximum efficiency*
relative internal effi- %i (at = 0.65) on the Re number
ciency with the use ofthe outth elocity on for stage No. 2a. The influence of the Reynolds numberthe outlet velocity on
the Reynolds number for is especially perceptible when Re is less than 1.10 5

stage No. 2a. MEI ex-
periments with u/cf This is confirmed by experiments with other stages of

= 0.5 and s -. 0.6665.
this series, and also by the experiments considered in

§ 18.

The change of efficiency from the Re number is explained mainly by the influence

of this number on the cascade losses. Inasmuch as the dependence of losses (profile

and end) on Ihe Re number is detennined by many geometric and performance paritmelu.yt,

then also for dLfferent stages the dependence of %I = f(Re) can be essentially

dirferent.

These statements are dis.tinctly confirmed by the experiments with stage No. 4,

(9 when the Influence of the Re number was investigated for various values of 6. The
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results of these experiments are showm in Fig. 267. As can be seen from the graph, (
the influence of the Re number is especially perceptible under subsonic conditions.

As the M number increases, the influence

of Re decreases, and at minimum e it

- - .50-O "is insignificant. This is confirmed

- 0 by certain experiments with cascades;

however, this picture of the separate

influence of Re and a is not universal.

In the light of these experiments, wei: ~Ot v.I s1 #2 a25 0-PJ .. 0n.:,u

Fig. 267. Separate influence of Re and M discovered the errors of a number of

numbers on the efficiency of stage No. 4.
Wl experiments with d/1 2 = 4.152 F 2 /F 2 = researchers, who analyzed the influence

= 1.38, and u/c = 0.5. of the Reynolds number at variable M

niubers, and sometimes even with only the M numbers taien into account.

4S imultaneously with the determination of stage economy, the stage reaction

in root and peripheral sections and the steam flow were measured.

Figure 268 represents the dependence of the mean reaction of stage Wo. 2a on

on u/c. and s. A'ter examining it, we can easily see that, as usual, with the

increase of u/c , and the decrease of e = p2/po, the reaction increase.,

However, as was noted above (on p. 438), the influence of u/c d on the reaction

p is less than in stages with large d/i ratios.

The influence of Reynolds number on the stage reaction is analogous to stages

with lirge d/1 and is determined by the dependence of the flow rate coefficients

on the Re nwnber.

As the neynolds number of the stage decrease, the reaction increases; this is

confirmed by experiments, the results of which are shown in Fig. 269. It should,

however, be pointed out that in certain stages the

O'f difference in Re numbers for nozzle and moving

0 cascades can be small, and in this case a decisive

0.5 0f Uv/cp value can be obtained by such factors as the non-
Fig. 268. Change of mean
reaction depending upon e and uniformity of flow at the inlet and roughness ofu/ct for stage No. 2a at
Re q) cos (Me Nxperimet the channel walls. Furthermore, each cascade canIle - const (mEI experiments).

" Curves: :1) e 0.57; 2) e

= 0.67; 3) 8 0.73. be in a mode of contlnuous flow or can be stream-

lined with separation; in this case the influence of the Re number is different.

'erl'ore, It Ls possible that In certain cases a decrease of the Reynolds number ( )
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may not lead to an increase of the reaction, but Just the opposite, i.e., a decrease

of it.

The dependences of the relative steam flow rate, t q = G,,/Gjt, on u/c& and

e are analogous to those obtained for other stages (see § 20). The flow rate

coefficient of the nozzle cascade only (even with

plant manufacture of the diaphragm), both in

- " experiments with a separate diaphragm, and also

0.r kL17'*- -in experiments in an experimental turbine, amounts

-3 to i, = 0.97-0.99 (with an ;accuracy of the deter-

- .2 - mination of area). The flow rate was measured

- -. -in all experiments by means of weighing the con-
0
o ...... \ -L.. densed steam.

a -2O 0 O1 The flow rate coefficient g, of the nozzle

cascade of stage No. 2a, which has & cast diaphragm

and stamped blades, is shown in Fig. 270,
Fig., 269. Change of reaction

at the periphery p. and at The experiments conducted with stages of this

the root p. of stage No. 4 series showed that for long blades, during discharge

depending on Red for u/c =
"". n oof superheated steam, with a large degree of=0.5 and e cohst.

accuracy we may assume thatg 4 0.975.

Fig. 270. Flow rate coefficient of

nozzle cascade (cast diaphragm with
stamped blades) of stage No. 2a.

Investigation of a Stage with the Ratio dZI = 2.75

In the same MEI experimental turbine, F. V. Kazintsev investigated a model

(in a scale of' 1:3.6) o1' the last stage of a large turbine. The basic stage char-

,cer,lst.ics: 1" 207 mm, Zn/bcp = 3.45, a, .b 8, 10 2 = 212.5 mm, P2 3q = 350 to

, 0 P and 1112/1,11 1.68. Nozzle blades were stamped from a sheet of constant thickness

with a small increase of angle a, d, from root to periphiery. The moving cascade

was designed according to a simplified equation of radial equilibrium.

The influence of e and u/cf on the efficiency of the stage is the same as for

stage No. 2a; maximum efficiency is attained at e 0.52. The influence of Re on
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the efficiency of the stage is shown in Fig. 271. C)
0" muh interest is the dependence of the reaction on u/c,, which is shown

in Fig. 272. If, for the root section, the reaction p. grows with the increase

of u/c p then for the

IT 13t 1U.i t "u ISrhaated peripheral section, con-

S Ilf [/ Superlted /I I- -versely, it decreases.

inle I This is explained by the
-, ,"-;__ fact that when P-> 900,

| / II _< r abs,, --

I- " -a growth of u/c 5 leads

a to an increase of w1 . As

4 Nz 407 W S 4 0 .04 403 40 4 1- 475 14/4 ,a result, the m ean reaction

Fig. 271. Influence of Reynolds number and moisture
on the efficiency of a stage with d/1 = 2.75 (MI of the stage almost does
experiments) at E = 0.49 to 0.65 (Rec)max = i.2"i0 .CI~maxnot depend on u/cc and

is equal to pcP = 0.26-0.24. The difference of the reaction at the periphery and

"- root, /,, was noticeably less than according to the plant calcilation. This may

Le explained bj a number of factors: by disregarding the inclination of the meridional

contour (angle of opening 260), by leakage over the

blades (blade not shrouded, radial clearance 3 wim),

4, ; and by a high reaction at the root. For investigated

0.4 conditions it may be assumed that in the root zone

" --- . of the nozzle cascade there is a separation of flow,

S . -when measurements usually show a raised static

S _-pressure. According to experiments, the reaction

0.20 ]- at the root was approximately equal to zero, whereas

'.'S -in a detailed calculation it should be negative.

: j iThe influence of moisture is illustrated in

- Fig. 271. If the beginning of the process of steam

expansion is above the saturation line, the efficiency

j. of the stage does not change, even when almost the
0.10020.250. 0.35 45 U/C, whole process of expansion occurs in moist steam.

Fig. 272. Infiuence of
u/,'i on the reaction or This may be explained by the fact that the process

a sLave wilh d/1 P.71 of condensation doeb not occur in this stage. If,
(mIII exp~erimt sN t, al, r-O.Y ,in( locl however, the beginning of the process Is in a revion

,I' mim~l f, im. the erl'iclericy essenti ally drops, whereby Its lowering Is approxL- ( __

iI i l', iropor il.ion l Lo Iho i in,] moist.ure X21 , (see Chapter X).
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O Influence of Certain Design Factors on Stage Economy

In tests of a series of stages with d/t -4 the influence of various design

factors-was investigated. Thus, for instance, stage No. 4 was tested with two

diaphragms that were manufactured according to the same drawings. One of diaphragms

had a somewhat increased (as compared to the drawing) lower overlap and the upper

overlap was increased 3.5 mm. Thus, the height of a nozzle blade, instead of 124

mm, was equal to 118.6 mm, and the mean angle a1 3 was decreased by 101O'.,

Consequently, the area of the nozzle cascade turned out to be almost 10% less

than that calculated. The other diaphragm had a somewhat better quality of blade

filllng, but, due to metal shrinkage around the diaphragm contour, almost half of

the blades had thickened trailing edges. In the first diaphragm, almost near every

blade there were metal shrinkage cavities.

Therefore, the difference in the economy of a stage with two diaphragms can

be attributed mainly to the change of area and increased overlaps.

Under the same conditions of flow the lowering of efficiency Aqoi/Toi, which

wias obtained with the first diaphragm, amounted to 4-6%.

Stage No. 4 was investigated in an MfI experimental turbine with two alternate

arrangements of the inner contour of the duct. With the location of the duct close
a*o i

to the blades, the efficiency of the stage decreased by 4 to 8%.

Stage No. 2a was investigated with two overlaps. The overlap was changed by

varying the height of the rotor blade. An increase of blade length from 168.8 to

171.8 Pin, and an increase of the external overlap from 3 to 16 mm, lowered the

efficiency of the stage (with the use of the ou-let velocity) by 2%. Stage No. 2b

differs from stage No. 2a by its diaphragm: the stamped nozzle blades were replaced

by contemporary milled ones. The efficiency of the stage was then increased by 4

to 6%.

Investigation of a Group of Stages

From the number of experimental turbines intended for the investigation of a

group of' stages in [61] we shall consider the KhTGZ multistage experimental turbine.

The experimental turbine of the GE Company (United States) [136] makes it possible

Lo perl'o such investigations with actual dimensions and parameters of the low-

pressure portion of turbines of practically any capacity. The turbine has two

water brakes, a maximum power of 15 thousand kilowatts, and each one has a speed
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rom 1800 to 41000 rpm. Uhe maximum steam flow rate is 135 t/hr. From a small (-)
number of published results of measurements [136], two graphs are of interest.

Figure 273 shows the measurement of the deflection of flow in a radial

direction behind the moving cascade of the next-to-the-last stage of a. turbine.

The velocity is- directed downwards cnly in the

/ -Elower part (the largest measured angle is 60),/Entrance to

nozzle of last the velocity on the mid-radius is directed

,--,-upwards at an angle of 270, and at an angle

of more than 420 at the top.

These experiments show that even with a

" ~ --. moderate inclination of the external meridionalSI contour for the last stages of steam turbines

-A _ it is impossible to assume that the flow

fj - surfaces are cylindrical in a calculation.

-0 0 to 0 * This (see § 44), first of all, leads to an

oversized discharge capacity of the stage. IfFig. 273. Change of radial
angle of direction of outletveoity wih recn o heit we assume in Fig. 273 that the weighted meanvelocit;y with respect to height

behind the next-to-the-last stage angle of the radial direction of velocity is
of a group of low-pressure stages
(GE experiments). 300, then the discharge capacity of the moving

cascade will be 15% lower.

Figure 274i shows the influence of s eam moisture on the economy of a group of

stages. An increase of the initial moisture by 10% leads to a lowering in efficiency

of the section by 10% -(relatively).

"- When comparing the influence of

---_ moisture according to the GE and MEI

-- ... experiments, one should pay attention to

00 - the different conditions of entry to the

ae4~ogao~ozo'- £0 ISO s st;age. In the GE experiments, which were

Poistni, oontnt Sumrratlns conducted in a multistage turbine, the
of otea= of steam

Fig. P*"4. Influence of moisture on average moisture at the entrance to thethe economy of a grroup or laststages; ('1o161 is the calculated stage, undoubtedly, did not correspond

e1'ficLency for superheated steam;
along t12 axis of abscissas - state to the moisture for the entire height. In
oi" steu in Front of s(otre (Ge
experimenis). (136], neither e, nor x is indicated for

these experiments. In these experiments
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the stagnation temperature behind the stage in the root and peripheral zone was 35°C

higher than in the middle of the stage. This indicates large end losses that

accumulated in the three preceding stages. If we judge these losses with respect

to stagnation temperature, the zone of end losses covers 30% of the height at the

root, and 12%, at the periphery.

In an experimental turbine of the Westinghouse Company (United States) [148] a

group of last stages was tested in a scale. of 1:2, and three low-pressure stages of

a ±00 thousand-kilowatt
At

-- 1 I ... .I I -F turbine were tested at 3600

rpm. In amodel, the speed

LU .~- . -'I--~- ID - -P- was n = 8280 rpm and the

- maximum power was ii thousand

1'-1l I kilowatts. From the data

l oot -iPer z Root -'Peripher given in the article [148),

Fig. 275. Comparison Fig. 276. Deviation of interest is aroused by the
(data of Westinghouse outlet angle of flow be-
experiments with calcu- hind a last stage (West- change of the flow rate com-
lation) of flow rate com- inghouse experiments from
ponents with respect to calculation). Curves: ponents and outlet angle with
height behind a last - - -- - (dotted line) -
stage. Curves: ---- ordinary blading; respect to height behind the
ordinary blading; (solid) - improved blad-
improved blading. ing. last stage (Figs. 275 and

276). In the first conven-

tional version of blading, in the lower third of the blade height the flow rate is

less than that calculated. Thus, in a section at a distance of 0.21 from the root,

it is 2.5 times less than that calculated. But then, the flow rate at the top

exceeds the calculated value by more than 60%. The outlet angle of flow also

deviates considerably from the calculated value.

In some sections this deviation amounts to 200. In our opinion, the non-

coincidence of the flow rate and vector characteristics of tle blading is explained

by the very large relative pitch in the upper part of the blades, where the cascad:

is "translucent." For these sections, neither by means of calculation, nor by

static investigations, it, is almost impossible to sufficiently exactly find the

minimum section and the parameters of flow in it. In a cascade with a nodified

profile, in the first place, due to the increase of chord at the top, it turned out

to be possible to more exactly calculate the steam flow rate with respect to height

and tle angle of flow. The new blading has small deviations in the flow rate and

the out
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the outlet angle from the values taken in the calculation. Simultaneously with (
the impr ,ement of rotor blades, the finn also midified the nozzle blades. With

the transition to more favorable nozzle profiles, the efficiency of the last two

stages was increased by a total of 2.5-5% (depending upon the flow rate through

the stages). At the same time, the transition to new blading for the nozzle and

moving cascades increased the efficiency of the last two stages at the design steam

flow rate by 17.5%. It is doubtful whether such an increase (15%) in stage economy

could be attained by decreasing the losses in the moving cascade. Undoubtedly,

this improvement in efficiency is mainly connected with the correct calculation

of three-dimensional flow, which is possible, in particular, only after a sufficiently

accurate determination of the flow rate characteristics of separate sections.

§ 45. METHOD FOR CALCULATION OF THE LAST STAGES

OF CONDENSING TURBINES

The complete calculation of the three-dimensional flow of steam in the last

;'nge of a turbine is very complicated and tedious, and it usually requires a

knowledge of certain characteristics which the calculator does not have at his

disposal when designing a new stage. Therefore, it is natural that in most cases

it is limited to a simplified calculation. Moreover, it is frequently possible

to simplify the fundamental equations of flow without a noticeable error in the

final results. At the same time, we cannot disregard such factors as the change

(with respect to radius) of the velocity and flow rate coefficients, and we also

cannot extend the formulas derived on the basis of equations of an ideal gas to

moist steam.

Here we shall consider the procedure for calculating last stages by the method

of" successive approximation.

Diring tihe calculation, in each specific case we must decide the approximat.ions

to whirh we should be limited. This decision will depend on the purpose of tile

calculation, the time which can be spent for the calculation, and a knowledge of

a number o' auxiliary quantities which are needed "or a more exact solution.

Although the errors obtained when using simplifying assumptions essentially

depend on the specific problem, the numerical example given in this paragraph should

be or assistance in this estimation.

In the numerical example we shall consider the limiting stage of a large steam

furbine. The calculation of all remaining stages, i.e., the preceding stages of such -
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a turbine of the last stages of smaller turbines, and the stages of gas turbines

in particular, as a rule, will be simpler.

The calculation of stages with small d/z can be performed by originating from

the middle, as well as the root sections. The * alculation that begins from the root

section usually is less exact than the calculation from the middle, since the

calculation errors increase from blade root to tAp and a noticeable error can

appear in the integi'al characteristics of a stagE and especially in the steam

(gas) flow through a stage. However, this method of calculation is convenient in

a number of cases and, in particular, when model stages are used, where we

applied it (see § 49).

For such individual stages as the last stages of condensing turbines (where

for several reasons - the difference in velocities, the specific requirements

of reliability, the individual shape of the meridional contour, etc. - model

stages are rarely applied), it Is usually more expedient to begin the calculation

from the middle, which provides sufficiently accurate integral stage characteristics

even with rough assumptions.

The initial data for the calculations are:

1. Diameter d., m, and height 11, m, of nozzle cascade (in outlet section).

2. Diameter d2, m, and height 12' m, of moving cascade (in outlet section.). 3.

Rotor speed n, rpm. 4. Steam flow rate G, kg/sec. 5. Parameters of steam before

stage, P0. bar, t0
0C (dryness x0 or enthalpy i0, kj/kg), and velocity vector cc,

m/sec. All these parameters can be variable with respect to radius at the entrance

to a stage.x 6. Final pressure behind stage p2, bar. Usually p2 is given for the

mid-radius. 7. Meridional contour of stage, and consequently, cascades diameters

and heights at the entrance, which are denoted by a "prime," d', 7:' d2' 12' 8.

Other design elements of a stage: clearanes, dimensions, and location of connecting

and damping wires, and so forth.

I. Stage Calculation for Mid-Section

This part of the calculation does not differ from the simplified calculation

which is conducted for all turbine stages.

*The above-considered (see p. 1444 ) results of experiments in a multistage turbine
clearly show how necessary it is to introduce variable inlet parameters into the
stage calculation.
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1. The parameters of the stagnated flow belore the stage (for mid-diameter --

d,) are calculated and the total available heat drop of the stage is determined

from the stagnation parameters (YO, FO):

he = t*- 11, (265)

2. The reaction on the mid-diameter of the stage is given.

In first approximation, opc is selected so as to ensure a small positive

reaction at the root, i.e., by means of the following approximate formula:

" 1.8-+dL ' (266)

[cp = mn = mean]

(this reactionpertains to the total available heat drop ho).

3. The available heat drop of the nozzle cascade, the pressure behind the nozzle

cascade p, cp' the quantity e = p1/po, and the angle of direction of flow are

determined:

Ainr a, = Gulf
AdZlcl, "(267)

Here :L, is selected to Chapters I and X.

4. If S < s., then in a nozzle cascade with convergent channels (on the

mid-radius) there takes place a deflection of flow in the slanting shear.

Then the effective angle should be found by the following formula:

snoat = k+= P--C 1 -
SM g,4 (268)

or by means of Fitg. 277.

It' the flow process terminates in a region of moist steam, the use of formula

(26,) or the graph in Fig. 277 gives a certain error. In this case it is better to

use the t'ollowing formula:

sin abs V. Cie (268a)

where v. and c x pertain to the critical (minimum) section.

'. Knowing the velocity coefficients, which in first approximation may be

assumcd to be p) 0.96 and ', = 0.93, we construct velocity triangles with them.
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OI The angle of direction of flow at the moving cascade outlet is found by the

following formula:

in: = G.-, (269)

[here P2 is selected on the basis of the data in § 9 or (more correctly) by means

of formula (56 a)].

6. Somewhat like we did for the °nozzle cascade, we find s = P2P1 for the

moving cascade and for s2 < e,, by formula (268) or Fig. 277, we determine

sin ol

#A~f cis CL_5480 .; 5.3 sinL Pi

-. -7. For the performed calculation we find,

-$_ by usual means, the efficiency Ioj the

additional losses, including losses due to

K.B5 -- moisture (see Chapter X), and efficiency noi .

II. Stage Calculation for
Three Sections

45U The calculation for the mid-section is

not only a rough estimate, but it does not make

0 - it possible to form the stage, since this requires

a knowledge of at least the change along the

radius of angles a1, P,, and P2" At first this
475

may be done after constructing velocity trianglesF~g. 277. Calcolation of t~he
deflection or flow in the not only for the middle, but for two more sections,
slanting shear of a cascade
(for superheated steam at k i.e., the root and peripheral sections, using the
= 1.3 and dry saturated steam
at k = 1.135), equation of radial equilibrium in the clearance.

sln(a,+6 For this calculation it Is necessary to select a
sin a,

law of twisting for the nozzle cascade.

1. The law of twisting for the nozzle cascade is usually given by one of

three functions:

a) the dependence of angle a, (or ai qi) on the radius;

b) the dependence of the tangential velocity component clu (or cltu);

c) the dependence of' the axial velocity component cia (or c ta) on the radius.

( ) 2. By the formulas in Chapter VII for any of these functions we can find the
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change of the reaction with respect to the radius:

For the calculation it is more convenient to give the change of the angle

with respect to the radius, a, = a(r).

Then we will have approximately:

C,__exp 2J C062~L 0a1
...

Assuming that 9 = 9(r), we determine the values of ci and p for the root and

peripheral sections, and we find the pressure p:,' angle A., and velocity w!.

For P = 9 cv= const and a i = a = const,
c/c:I, = (r/rcp)- '' sl' s.

3. In all cases the angle 2 for the moving cascade in the root and peripheral

sections is found by means of continuity equations:

for the root section

win vf. ., U (d, - 1,) it
sin PJ gg v j v,, (dS- 1,1) 12 (271)

for the peripheral section

sin F wjg tfn (d, + I,) 1,sin P,---- w'=i vjjn (ds+11)1: (271a)

in these formulas the specific volumes correspond to each section.

4I. It is necessary to analyze the obtained results. In the first place one

should pay attention to the reaction in the root section. It is very undersirable

that p be negative. Therefore, if it turns out that p < 0, one should return to

the first calculation and select another, larger value of the mean reaction of the

stage.

With an increase of the reaction in the root section by ApH , one should increase

the reaction on the mid-section by approximately the following quantity:

d dAOp= AO, (i + A I (272)

It should be pointed out that an increase of the root reaction due to a corre:-

pondtntr incertse of the reaction on the periphery, and consequently, due to an

increi z of leakage on the periphery, is insignificant for stages with small d/1.

For rtages with small d/7 (d/1 < 3) the reaction on the periphery ,t. ends very

.littl~e on the root reaction,.{-

ThUS, t'fr iI)nstce, for a stage with a, = const, the value of p n upon
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transition from p. 0 to p H' is determined by the following formula:

Thus, for instance, when = 2.65 and 2;2 cos 2 1 = 1.8 const, we obtain:
d.lQ O .24J."

i.e., if at p., = 0 we obtain P n = 0.76, when 1= . (i.e., when Ap, = 0.1)

w6 will obtain P. = 0.784. However, for large or even moderate values of 6 the

change of the root reaction already has a noticeable effect on p n. Thus, for

instance, when 0 = 10 and 2T2 cos 2 a, _1 1.8, we correspondingly obtain: when p K =

= 0 on the periphery, p. = 0.309, and when p. = 0.1 on the periphery, p =

= 0.373.

5. After the final calculation of the three sections, one should give special

attention to the angle of direction of the absolute outlet velocity, i.e., angle

a
2.

If the last stage of the turbine is not being calculated, the value of angle

a2 is not decisive, since it is assumed that the flow area of the turbine is designed

in such a way that all the kinetic energy of the outlet velocity can be used. This,

of course, requires that the nozzle cascade of the following stage be profiled in

accordance with angle a2.

If conventional nozzle cascades are employed in the following stage (designed

for an inlet angle a0 - 900), then one should try to make a2  900. Deviation of

c2 from a right angle within the limits of +(15 to 200) is practically permissible.

The direction of the outlet velocity is very important for the last stage,

where the quantity
4
2

is not only the main loss for the given stage, but it determines the economy of

the whole turbine to a large extent.

If the last stage Is not a limited one, i.e., the dimensions of the last rotor

blade (Z2 and d2) can be increased, and the outlet velocities in the stage are

subsonic, the minimum value of c2 will appear when a2  90 + 2 (see p.100 ).

For a limited stage, i.e., a stage with a maximum permissible annular area,

(_)
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F a = Yd22; if the angle noticeably differs from 90° , the losses with the outlet

velocity increase at the given value of F a; recovery in the contemporary outlet

ducts of large steam turbines is very difficult, and sometimes it is even impossible.

Therefore, for these stages one should try to make a2 come as close as possible to

900. Practically the only method is to change the drop in the stage, i.e., change

u/cd,. Selection of the stage drop is considered in the following paragraph.

6. After calculating the three sections, it is possible to select the profiles

of the nozzle and moving cascades of the stage in these sections. For this we must

know the inlet and outlet angles, and also the flow rates.

The profiles should be selected with reliability and technology of manufacture

taken into account. By having cascades only for these three sections, and selecting

intermediate sections, it is possible to form a stage, which will approximately

correspond to the boundary conditions and will be satisfactory from the point of

view of economy. When forming cascades and changing profiles with respect to the

radius, it is necessary to use the conclusions made in § 43. If the stage does

not have limiting small values of d/1, is calculated for subsonic velocities in all

sections, and has a cylindrical meridional contour, then even this roughly approximate

method of designing gives fully satisfactory results.

III. Detailed Stage Calculation by Means of the
Simplified Equation of Radial Equilibrium

in a Clearance

For this part of the approximate calculation we shall use the simplified

equation of radial equilibrium in a clearance:

dp, 4. (274)
W r vA

With the help of this equation we can determine all the characteristics of

flow in each section (if the laws of variation with respect to the radius of one

of three quantities are given al, ciu, or cia) either by means of integral

equations (see ' 36) or by changing from one elementary stream to an adjacent one

by the following formuLa (see Chapter VII):

Ap,= A, (275)

Ah0, -2.Ar. (275a)
I.'

The analytic method requires less time, but it is not always possible equation
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('174) is not, integrated for all laws of variation of the angle or c 1u. In a number

of cases this method gives an error when using the equations for an ideal gas (for

stages that operate in a region of moist steam), and it does not make it possible

to perform the calculation for an arbitrary law of variation of the velocity

coefficient 4 = 9(r).

1. The law of twisting of the nozzle cascade is selected: either a, = f(r),

or Ciu = f'(r) or Cla = f"(r).

2. The law of variation of the velocity coefficient, 4 = 9(r), is selected.

it is better that this law be be.ed on the results of specific investigations of

various sections ior given M and Re. If it is possible to get at least approximate

geometric characteristics of the cascades for the three sections from the second

calculation, then, using the data in Chapter I and § 43 and the atlas of profiles,

it is not difficult to at least roughly express the dependences 9 = 9(r) and

7/1 = f(r). It should be pointed out that 9 and * will depend not only-on the cascade

parameters (angles, M and Re numbers), but also to a considerable extent on how the

cascade is designed or selected. Thus, for instance, if a conventional cascade

for subsonic velocities is selected for the root section of the nozzle cascade,

then it large M numbers only the profile losses it can amount to more than 10%. If,

however, this section is specially designed for the given M, then these losses can

be decreased by 2 to 3 times.

Inasmuch as this portion of the calculation usually does not contain sufficiently

complete data on the cascades, Fig. 278 gives a graph of the velocity coefficient

(taking into accQunt all end phenomena) for

.. -F a steam turbine with cast diaphragm and solid

[/. (not stampled from a sheet) blades.
5 1U The graph in Fig. 278 c-n serve only

-- for a preliminary estimate; it assumes the

0- cylindricalh Rn o w of superheated steam, and

teReynolds number
'a' O - 473 =50 45 , Re4, -.-4 10.10.

II
P.ig. 278. Change of velocity co- This graph is constructed for three
efficient with respect to the M = 1.65, cas-hecight oC" a nozzle cascade for cases: 1) d/l = 2.65; (14 ) =16,cs

miLLed nozzles cast into a cast-
iron diaphragm. cades with divergent channels of the type
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If

ashown in Fig. 250 are used in the root sections; 2) d/1 2.65, (M14 ) 1.65,

cascades of group " " are employed in the root sections; 3) d/1 = 3, (Mc ) = 1. ,

the usual standard cascades are applied in all sections,.

3. The law of variation of the flow rate coefficient, p = p(r); is selected.

Figure 279 shows an approximate graph of this function, constructed for a cast

nozzle diaphragm for superheated steam (or gas). For moist steam, this graph should

be reconstructed in accordance with the data in Chapter X.

It. Using the selected lw of twisting, for instance, angle a I  a (r), the

graphs for i = t(r) and g, =  p(r), and going from the central stream to adjacent

strears, we find all the necessary quantities, i.e., p,, ho, P, el, l Cluj w!' hi
and AG.

For this calculation it is necessary to select the number of streams into

which the blade is divided with respect to height. Obviously, the greater the number

of streams, the more accurate the calculation. At the same time, en increase of

the number of streams increases the time necessary for this calculation. The minimum

number of streams depends on d/1 and e. For e = 0.5 and d/1 = 2.65, no less than

21 streams are required. For larger E, and especially for large d/Z, it is possible

to ,%rit oneself to a smaller number of streams. For a zone of moist steam, the

minimum number of streamb may be estimated for the calculation by the following

formula-

i od 50 ld + 3.

It should be pointed out that the stream calculation can be essentially
simplified without a loss in accuracy because only Apl, Ah01 , and p1 is found for

all streams. The remaining quantities may be found forall steas Th-7 a smaller number of sections after dividing the blade with

a973 -- respect to height, let us say, not into 21., but into 7
........- -- sections. In the zone of the root and peripheral sections,

SQ92 .... , however, it is recommended to select the sections fre-

09- I 0.7quently, since in these zones there is a sharp chlange in

eo the basic characteristics, including T, g,, and sometimes
Fig. 279. Change ofithe flow rate co- angle a .

efficient. with respect
to the height of a 5. If' there are no divergent channels in the nozzle
nozzle caoe:ade for a
cast dLaphra:lit; steam ca.cade, then, by means of formulas (268) and (268a) ori18 luperhe'td,,d (9)

the graph in Fig. 277, the effective angles, a, should
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be found.

6. The steam flow through the streams is summarized:

0 = ZAG.

If ZAG noticeably differs from the given flow rate, it is necessary to make

a recalculation. The following forms of recalculation are possible:

a) change of the initial pressure before the stage, which may be considered

as proportional to the flow rate (in the majority of sections the flow rates

are either critical or near-critical); this naturally requires a redistribution of

the drops between stages;

b) change of the height of the nozzle cascade, 1,; in this case it is necessary-

to conitor the continuity of the flow area and the overlap of the stage;

c) change of angle a. (and consequently, angle a: .6). It sh'.ould be noted that

if the flow rate YZG turned out to be somewhat greater than the given value (not

more than by 5 to 10%), it is meaningless to recalculate the stages, since in

following step of the approximation, as a rule, the flow rate through the nozzle cas-

cade turns out to be decreased in comparison with the given step of the approximation.

If recalculation is performed, this circumstance must be taken into account and

ZAG for the recalculated version should be approximately 5% greater than the given

value.

7. After recalculation of the stage. all the initial parameters of the moving

cascade, i.e., p,, w, , and T, (stagnation parameters in relativ6 motion)

are variable with respect to radius. The moving cascade is divided into the same

quantity of streams as the nozzle cascade, but the stream height corresponds to the

outlet height of the moving cascade, i.e,

Ar 2 = AriA!.

The velocity w2t is calculated for each section.

8. Angles P. are determined for all sections by the following formula:

(sin Pt), = (sin PI), vv d1, Art, w, (276)
Uji d$t Af2 W211

If' the places of installation of wires are approximately known beforehand, they

must be taken into account when using formula (276).

For the streuns where the wires will be located, sin should be greater,

) and if the profile is assumed to be thickened, then it is necessary to increa.se
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further. If this cannot be done, then in an actual stage, not only in the streams

where the thickened profiles and wires are, but also sufficiently far from them,

*the flow rates LG will change as compared

to the calculated values, p1 (the reactions)

1u3 .Z*'3 and angles 0, will change, and there will
S -,- - - Occur a noticeable distortion of the

meridional flow lines. As a result of this,

the economy of the stage-will drop, not to

mention the direct influence of the wires

on the cascade losses.

0 0,3 40 47S 9. The law of variation of the velocity
1,

Fig. 280. Change of the velocity coefficient, 7P = 4r) is selected. The
coefficient ' with respect to the
height of the moving cascade for principle of construction of the graph for
the last stages of large condens-
ing steam turbines. P = *(r) is the same as for the graph of

:1= (r). This graph can be most reliably constructed on the basis of the results of .

static investigations of 'eparate sections at actual M and Re numbers (see § 43).

But also for a preliminary calculation it is possible to construct a tentative

graph for V1. Such a graph is presented in Fig. 280 for three types of cascades.

This graph, which was constructed for a preliminary estimate, assumes the flow ofb w2

superheated steam, and Reynolds number Rew 2 2 = 5 to 10.105. Here, the change

of the profile and pitch takes into account the requirements of strength. An

estimate of coefficient I/ is also made, taking into account the cascade entry losses

that occur due to periodic instability of the flow. The end phenomena are con-

sidered in the root sections of the blades:

a) d/Z = 2.65( 1 2)n = 1.7, in the root section Pi + 02 - 700, and the

peripheral sections have the type of cascade shown in Fig. 254;

b) d/I = 2.65(Mw) = 1.7, in root section P + 02 5  and he

2I 
1 5 an h

peripheral sections have the type of cascade shown in Fig. 252;

c) d/I = 3, (14)w = 1.45, in the root section PI + P2 - 7 00, and the

peripheral section has the type of cascade shown in Fig. 252;

10. All the stage characteristics, i.e., angle a2  c2 u and on' are

determined depending upon the radius.

11. The deviation of p. along the radius from p2 on the mid-section is

ca]culrited by Ihc Vollowing 'orjiiula:,
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(2 (C2XPit (277)Pu--P11,-jr. rettpvp •

In case of a noticeable deviation of P2i from P2 the moving cascade is

recalculated for more exact values of v2t and h0 2.

12. If divergent channels are not employed, the effective angle P2 .3, is

calculated by formulas (268) and (268a) or by means of the graph in Fig. 277.

The results of a more exact stage calculation are given in a graph, an example

of which is shown in Figs. 287 and 288, where the dependences of the following

quantities on stage height (or radius) are given: angles ai, a. Pi' 132 01;

p; Mc and

IL + - 6) (278)

% (279)

13. The weighted mean efficiency of the stage is calculated:

" Z(280)

and

= AG (281)

14. The losses due to moisture and leakage are considered and the total

relative internal efficiency of the stage" 1 oi and oi"

IV. Caic-ilation of a Stage with Flow Lines on
Conical Surfaces

Up to this point, the calculation of a stage began with the assumption that

the flow lines lie on coaxial cylindrical surfaces. In reality, the flow lines

in the meridional plane were complex ,urves. In this step of the calculation we

shall assumu that the flow lines lie on conical surfaces, i.e., they are straight

lines In the meridional plane.

The calculation wi] L be performed for three sections: at the entrance to

the nozzle cascade, in the clearance between cascades, and at the stage exit. Thus,

each Plow line will generally be a broken line (see Fig. 281).
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To do this, we shall divide the inlet height 1. of the nozzle cascade into

the same number of portions as l and 12"

1. Assuming that all flow lines in the meridional plane pass through the

lines connecting the centers of the portions at the entrance to the nozzle cascade,

in the clearance, and at the stage exit, for each portion we shall determine the

angle of inclination of the flow line (see Fig. 281)*, i.e.,

for the nozzle cascade, v1 ,

and for the moving cascade, v2 "

2. The steam (gas) flow through each stream for the nozzle cascade is found

by tbh following formula:

AG1v = iG" 1co% (282)

Here the subscripts III and IV pertain to the step of the calculation.

The flow rate for all streams is summarized and the flow rate through the whole

nozzle cascade is calculated.

This flow rate will always be less than the flow rate, obtained by analogous

summation in step III of the calculation, i.e., in the calculation with flow lines

lying on coaxial cylindrical surfaces.
~ ,"," The change of GIV, as compared to G 11 depends

/ on two factors - the inclination of the external

generatrices (in the meridional plane) and the

I nozzle cascade and distribution of specific flow

Ii .,rates through the streams, It is natural that

.II31 t -- r : . angle vi1 will mainly be at the periphery of the

cascade (in the roct sections, angle v 1 usually is

small). If we select the law of constancy of angle

Ia, "b along the cascade height, for a supersonic

01 I flow (and practically, for a transonic flow) the

Fig. 2i1. Calculation of flow rate through the streams will be proportional
stage with flow lines on
con.cal surfaces; streams to the radius of the stream. If ang.Lc ai 8d' and
on rodius ri_ 5 .

consequently, also the specific flow rate, increases

XHere and :;ub.cquentLy the angle a implies the angle of direction of velocity
e in tLe platne of this velocity, and n~t on the cylindrical surface of the flow
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O *CtD ] / i from root to top, the influence of the inclination of the

flow lines on the total flow rate (a decrease as compared
A e to GII) will be great. With the decrease of the cascade

drop, i.e., upon transition to subsonic velocities, the
4'. CSIONMYa

influence of angle v, turns out to be smaller, since theF.Lg. 282. Velocity
parallelogram, specific flow rates through the upper sections (where the

reaction is greater) will correspondingly decrease.
The change of the flow rate, as compared to that obtained in step III of the

calculation, is determined by the following formula:

f. &L-., 
rqsinas*(4-- 1 ' dr

-%;AG GV-G;II = tg.! ',, )s ( r oc",

= G2 (1,. (283)
I qsinj.4 1 dr

where vf is the angle of inclination of the peripheral flow line, i.e., practically

the line of the meridional external contour of the diaphra&M.

Formula (283) can be expanded for certain particular cases.

In general, for an estimate of ! it is possible to use the following formula:
G

AG
-w = K~tg~)~.(2814)

where K can be found on the graph in Fig. 283. The graph was constructed for two

cases:

Si.,, = Iost
and

sin a,, = (sin a ,,p)L,-

:t is clear from the graph that the greatest deviation will be observed when

d/1 is minimum and the angle increases toward the top. For rn/rH = 2.5 and q

AG
= -0,235 (tg v)-.

When v1  300 this deviation amounts to -'-7.9%. If the flow in theG
cascade is subcritical, then, inasmuch as the reaction toward the top is increasea,

which means that the specific flow rate decreases (as compared to the cascade having

q = i = conAt), the influence on the inclination of the flow lines the steam (gas)

flow rate will be smaller.

CL) Thus, having the diagram of the meridional contour of the diaphragm, and

-459-



--

-- jj Siaa,~.~aw, ,. "iconsequently, the angle v, i 5

possible in first approximation,

without a detailed calculation, to

- estimate the influence of the inclin-
,ation of the meridional flow lines on

the steam flow rate and to consider--sta -cns
-S t17 8 U ZO Z Z.Z -j Z,4 ZS this when determining the stage

Fig. 283. Coefficient K for calculating dimensions. In particular, when
the change of the steam flow through a
nozzle cascade in comparison with the calculating the angles 02 of the
calculation for flow lines lying on
coaxial cylindrical surfaces. moving cascade, in formula (276) it

Cos VI
is necessary to add the factor cosv ,where v2 is determined analogous to v., on

thE basis of the inclination of the lines of the corresponding streams in the moving

cascade.

V. Stage Calculation for More Accurate Flow Lines

It is obvious that flow lines in general, even if they are straight in the

meridional plane, -will not exactly correspond to the lines directed to the vertex

of the triangle formed by the bounding walls of the diaphragm.

Foe construction of these lines it is first necessary to find the parameters

of flow before the nozzle cascade. If the width of the meridional contour of the

diaphragm is bounded by a nozzle blade, it is possible to cnsider that these

parameters will be the parameters at the entrance to the stage, i.e., at the exit of

the pre eding stage. In this case we have the dependence of the following necessary

parameters on the radius c0 = c(r) and v0 = v(r): specific volume v0 and velocity

co.

If" the width of the diaphragm is considerably larger than the width of the

nozzle blade, one should conduct at least an elementary calculation of the annular

di'fuoft' which precceds the nozzle cascade and is formed by the entrance section of

the diaphratgn. It is best to use the results of the investigation of this diffuser

or a .imilar one. However, it is usually necessary to be limited to an estimate

of the effectiveness of this diffuser. We shall perform this estimate for two

coeffictentr, i.e., the utilization factor X and the flow coefficient T, which
A A3

takes Into account the flow losses in the diffuser (Fig. 2811):

C (85))
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0 =c (286)

After obtaining '- and A bf means of experiments or by making an estimate,

it is easy to calculate the values of p01 Vol, and C0 1 , which are necessary for

A, further calculation of the stage.

-A For this we use the continuity equation

., _e Fos v, (287)

Disregarding the influence of the change of

temperature, we write:

• - P -I- Ap Ap

For small h it is possible to use the following

Fig. 284. Determination of formula:

the characteristics of the =
entrance section of a
diaphragm (diffuser). Then

4
,pd hj .. (288)
P- P.'.- P." 2

where M. is calculated with respect to velocity co .

As a result, we obtain the following dependence:

F, I7, ," elj (289)

Coefficients X and j depend on the shape and dimensions of the diffuser, in

particular on angle v.' the degree of nununiformity of the velocity field at the

entrance, the 14 and Re numbers, and also on the roughness of the walls. The various

types of diffusers and their influence on the efficiency of an entire stage are

considered in Chapter VII and in § 46. It is usually assumed that = 0.4 to 0.8

and i=, 0.8 to 0.C

After the values of c0i and vo, are found at the entrance to the nozzle cascade.

for each value of the flow rate determined for the first stream from the root behind

the nozzle cascade (preceding step IV of the calculation) we determine the area

of stream at the entrance:

1  ' (?go)
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whr"0 .1 =T %rd0  + )l01 1 His the root diameter of the stream at the

entrance to the cascade, and A01is the height of this stream.

.I

After determining At1 we go on to the next streamb etc. It~ is obvious that

ZZI = I In case of divergence, it is necessary to check the calculation,

and in particular, to check the determination of the parameters c0 and v0 1 .

For simplification of the calculation it is possible to perform detailed

calculations immediately for a group of streams, and then carry out interpolation.

In certain cases the calculation is essentially simplified. Thus, for instance,

for a cascade with constant specific flow rate, i.e., with

Cst sin at cos V'
j, = const

and with a uniform field of velocities and inlet pressures, i.e., with -- = const,Vo-

the flow lines in the meridional plane coincide with the lines determined in the

preceding step IV of the calculation. In this case the present step V of the

caLeulation is not needed.

It is possible that the condition of constant specific flow rate is retained

only in a portion of the cascade. This case is discussed later in an example. If

u stage is designed with a nozzle cascade having a, = const, it is obvious that

the portion of the cascade where the flow is critical, i.e., where cit >__a, may
cit sin a1

be approximately calculated for = const (in reality, cos vp, / const).

In the subcritical portion there will be a change of the inclination of the flow

lines as compared to the calculation of step IV, but it t- small. In this case

it is important to determine the flow line for the stream, where M =.1, and

a more exact determination ohould be made only for streams higher than the given one.

Then, after designating this boundary stream by the superscript *, we will obtain:

vat, (291)
A (dk + 101) ;1 Cal AG(29.)

Al'ter determining all AZ~, new, more exact, straight flow lines are made,

and angle v is determined more accurately for all streams.

After that, the steam flow rates for all streams are determined with greater

accuracy:

AGv ---AG111 cos v(292)

(292)
The v.. lue of the totad flow rate, MGV , is also made more exact.
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I" we are limited to this calculation, we should compare ZGv with the given

flow rate and determine the value of angle 12 more accurately:

$in sin 6)jj -11 Vi(293)

In reality, the flow lines in the meridional plane are not straight. If a more

detailed calculation is necessary, the flow lines can be f.und more exactly. It

should be borne in mind, however, that such a calculation is extremely tedious and

time-consuming, and rather conditional at the same time. For construction of a low

line it is necessary to find the stream height that corresponds to the given flow

rate inside the blade cascade. For this we take the control plane normal to the

axis of the turbine, i.e., in the meridional plane we draw a line normal to the

axis (Fig. 285). We trace channels (sections) of the cascade for several radii.

For all these sections we find the position of the sought control plane, and we

determine T, the coefficient of constraint, which considers the profile thickness

in a given section (see Fig. 285). Using the drawing of the channel we find in

the given section the angle of direction of flow a, which is determined in the

following way. We draw circles in the channel, tangent to the walls of the pro-

file; the line connecting the centers of these circles is considered as tle middle

flow line. At the point of intersection of the sought section from this middle

flow line we determine the tangent to it and the angle a (see Fig. 285). We

perform this construction for se, . sections, including the root, peripheraL, and

middle sections. Obviously, this requires that the Pascades for these sections be

selected or profiled after step IV of the calculation. Further, for the found

values we construct a graph for T = f(r) and a = a(r), which makes it possible to

find T and a in the control plane for any radius.

For the mid-radius, by the channel method (see Chapter I), we calculated the

velocity and pressure distribution in the channel and find the values of ct and p

in the sought section.

Now we have all the data for calculating the radial equilibrium with the

simplified formulas in the control plane that we selected. The calculation is

performed In absolutely the same manner as it was done for the clearance between

cascades, i.e., for streams.

As a result of this calculation, the values for all streams are found for the

sought control plane:
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V1 -"(294)

After that, each AG is multiplied by v, which was obtained for each stream

earlier. Having a graph of the flow rate for three control sections (in front of

cascade, in cascade, and behind it), which increases from root to tip, and following

Traupel [96], it is possible to construct flow lines for three points.

If the sum of flow rates ZAG in the control section does not noticeably

coincide with the ZAG that was obtained in the preceding calculation, strictly

speaking, the calculation should be

perfor.-.ed either with an exact

equation of radial equilibrium or,

at least, a new angle al should be

given on the mid-radius. Practically,

in view of a certain conditionality

Fig. 285. Calculation of the cross section
intersecting a cascade, of the calculation, this cannot be

done; it is sufficient to change all

AG in proportional to the quantity

G/ZAG.

Now, for the three points it is necessary to construct a flow line, giving this

curve an analytic character. A literature reference [96] proposes that this curve

be considered as part of a circle. It is possible to think of it as part of a

sinusoid 1161] and another form [159]. After that, it is not difficult to determine

the radius of curvature and find a more accurate value of angle v1 .

It is obvious that for confidence in the determination of v it is necessary to

have on a flow line not three, but a larger number of points, especially near the

trailing edges. Unfortunately, such a calculation is not only very tedious, but

also very unreliable, especially in the region of supersonic flow. For a slanting

shear with a supersonic flow it is necessary to use the method of characteristics.

However, the presence losses in the slanting shear of a cascade does not permit

us to perfonm an exact calculation.

I,
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VI. Stage Calculation with the Complete Equation of

.0 Radial Equilibrium* ~

By means of the preceding calculations it is possible to find more exact

(than for calculation of step III), values of the velocity coefficients, 9 and .e !

for cascades depending upon radius. Calculations of steps III, IV, and V permit I

us to find the values of the angles, velocities, and also the Re number in all Al

sections, i.e., to form a stage with high accuracy. By means of these characteristics

(24, Re, and the angles) it is possible, on the basis of results of static investi-

gations taking into account experiments with annular cascades and with stages, to

quite reliably have the dependences T = (r) and f = *(r).

Performing the calculation of the nozzle cascade, we will write the complete

equation of radial equilibrium in a plane normal to the axis (see § 35), in the

following manner:

Here (see Fig. 282)

c., = c sin a Cos v] (.296 )
C, = c sin a si n v.

The influence of Fr - the radial component of the force of influence of a

blade on the flowing medium - is not considered by us, although in certain cases

it is of value to create this force by a special inclination of the blades (see §

37).

After dividing the blade into a large number of streams, we, as before, replace

the differential changes of parameters by finite differences. The change of the

radial velocity component in the direction of axis z may be roughly found for the

quantity cr in two control planes (for instance, in front of and behind the cas-

cade). In view of the small influence of this term, such an approximation will not

render a noticeable influence on the concluding calculation:

,, c,, -c,,

I ) ~ c,-e,0 (297)

YLater, in an example of the last stage of a large turbine, the difference in
the resulLs of the simplified and complete calnulation is shown.
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, - - . - - - -

Here z is the distance between the control planes, 0 and 1, along the axis ()
(Fig. 281).

In- fimal form, for the transition from the i-th stream to the following one,

we obtain:

i X lisin a~i -~-sn

__ -__._s__ ,____ sin _'__co__ _, --l.sin..,, /

x4 . si v Arl K,(298)

(Ki - K,, 1 - K,,) -. (299)

In these foi'mulas r1 + 0.5 is the radius between streams

As ind t-.ted by analysis and examples of calculation for a nozzle cascade, the

component of equatfon (298) cr cr/6r is usually extremely small and is disregarded.
=0

Thus, in the example of the lmiting stage with d/1 = 2.65 and H 30 which

is considered below, with a complete change, of the drop in the nozzle cascade from

root to tip by more than 110 kj/kg, this term gives only ±.3 kj/kg, i.e., a little

more than 1%.
For a moving cascade with a conventional design, angle a2 ;900, and it is

possible to disregard the term K,. However, in certain stages when a2 / 900, and

especially under variable operating conditions, the term K, can be essential and

therefore cannot be disregarded.

It is usually considered that when a2 = g0
° the pressure behind a moving cascade

is practically constant along the radius and the stage is calculated for a constant

available heat drop on all radii. This is valid for the calculation with the

simplified equation of radial equilibrium and for stages of gas turbines with low

velocities of flow and a slight change of srecific volume, when the error in

disregarding the term

C". :.--,, I V, (300)

will be small due to the fact that ca 2  c Cal.

However, in the last stages of steam turbines, in the mid-section at p 0.5 to tj
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0.6, the difference Ca2-cal is asually on the order of 100 m/sec. Then, for

instance, at ca-= 250 m/sec, Ca1 = 15Om/sec, 2 = 0.07 m, end v2 = , the

change of the ;heat drop due to this term, when Ar = 0.05 m (1 of the blade is

I m long), will be

Ai. c -""! -}- tg vAr 3,1 KdXIK. =

It is obvious that in the root sections, due to the smaller reaction and,,

consequently, the smaller difference of ca2-cai, and also because of the decrease

of angle 2 " the influence of this term will decrease; in the direction towards

the blade tip the opposite picture is observed.

Due to the large absolute values of the velocities ca, and consequently, the

velocities cr also, the influence of the term Cr(adyr) behind the rotor blade also

bes'omes noticeable.

After the calculation of the moving cascade, it is necessary to consider the

influence of it on the flow behind the nozzle casqade, i.e., on the angle v., and

to recalculate the nozzle cascade. With a supersonic flow in the nozzle cascade,

such a calculation is not needed.

It is obvious that the more exact calculation, as compared to step III of the

calculation by means of the simplified equation of radial equilibrium, changed

the angles aV the flow rate, the -reaction of the stage, its efficiency, and the

angles 0, and P.

The change of the M numbers is very important and essential, especially M
2t

at the tip.

In an example of calculation, this quantity for a detailed calculation

amounted to Mw = 1.78, and for a simplified calculation, Mw = 1.58. With such
2t 2

a considerable difference it is necessary to design the cascade in a somewhat

different manner.

A; a result of calculating the stage, we obtain the pressure distribution p2

with respect to the radius. This distribution, as also the quantity p2 itself,

is determined by resistances following the given stage, i.e., for the last stage -

the outlet duct, and for the next-to-the-last stage - the last stage and the outlet

duct, etc.

It is obvious that impossible to be limited to a stage calculation without

) conriderlnt these resistances. The stage calculation should be perfoned in the
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following way. (7)
After a detailed calculation, analog6us to the one dsc~.bed a-ove, at the

entrance to the duct we cbtain the velocity field. On the, baslsof the character-

istics of the duct, which can how be obtained as a rasult of ayl emerimenital inves-

tigation, we obtain the pressure distribution along the radius -the -ducts of
steam turbines the pressure will change -not Onl~ along theI-tadius, but also along

the iircumference at the duct inlet, which, -of cburse must be disregarded in- the

calculations). Having thi.s -p-e'sure distribution, agin Tor the stre nsi, we

determine the characteristics of the flow behind the blade cascade, which must

satisfy the equations of equilibriim and continuity. In general, this will be

pc:sible only with variation of the parameters in the clearance before the moving

cascade. The continuity and equilibrium equations are further_ checked for this

-:learance, which leads to a change of the parameters before the stage, etc. In

ezsence, it is necessary to perform the calculation as if for variable turbine

rwrformance from the final stage, which differs from the usual calculation [83] y

the fact that it is performed not for the mid-radius, but for the streams, taking

into account the equation of radial equilibrium.

This calculation is not only difficult and very tedious, but for the last stages

of condensing turbines it is almost practically impossible now. This is explained

by the fact that for the outlet ducts of steam turbines there are almost no

complete characteristics that consider variable velocities and, all the more, the

swirling at the entrance.

Analytic Dependences for Calculation of Last Stages

Sometimes in variant and preliminary calculations of stages, the use of

methods of detailed calculation for streams requires very much time, and the analytic

dependences obtained t'rom the simplified equation of radial equilibrium give large

errors. In this case it is possible to use the analytic dependences obtained from

the complete equation of radial equilibrium with certain simplifying assumptions.

Assuming that Fr 0 and taking into account

di = dio - c, d 1 = q:VP, (301)

from equation (29[) we obtain:

' CS 0C . ,C' _--c -- ,--- - (30)
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* where F = ., and z/r.

For conical flow surfaces, 0. For the term (and not in genel:i I'*ov

the -nmc of the axial velocity cbmponen) we shall assume that

Cl = C,,3,r (03)

and consequently:

#Cal =i "<C--"-A), i
zoo

where A is obtainrd from the boundary cbnditions, while the index -y depends on

the law of twisting, a = a(r), and can be of any sign.

Then equation (301) will be converted to the following form:
d,

- Fr (), F r) -, (;) + +(305)

where

sin's alsin v E -so -sin a 1 i " t si- V ¢°K2 a,F,(0= dr -
Ft - -,.' ill"' V (305a),

Ca, () -A)sin isinvPSW . (305-b)

iV - -.2a tl

F3 0r l , W., 1an' v (305c)

It is obvious that for the solution of this equation it is necessary to

know: do/dF, which is known from the calculation of the preceding stage, ( = r(T

a1  a(7), and the index y, which can be found for adopted law of twisting by means

of the simplified equation of radial equilibrium, and the dependence v = v ().

For obtaining the last term, we shall write the continuity equation for the

plane in front of the cascade and behind it*

2n 7 -dr-=2;c L rdFl
I 0

Usually (this will hardly show up in the final results of' the calculation) it

is possible to use the formula obtained for the particular case of c a/v = const

MIcre, ['or simpliclty of noliation, it is assiuned that

C Cla
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;2 (306); *i ,-

In many ses it is possible to assume conical coaxial flow surfaces.

Then

- g(307)

The use of formula (307) is convenient only for an analytic solution.of

equation (305). In general, the solution of this equation is possible only by

uieans of numerical iethods and it is not very difficult. Thus we obtain the

radius distribution of velocity c 1 and all the other parameters.

If we consider that 1O does not depend on the radius, equation (305) will take

on the following form:

X'- F, (r) cA, G) (308)dr

and the Tollowing solution:

CXP jr1r)1 1;) ,1) ( , # (309)

where F1 (') is according to expression (305a), and

ry -A, sin a,, cos v,; sin a, sin v

(i/q..:-smnl v 7ii_', (310)

It is obvious that equation (309) is easy to convert for the case when c l p is

given, and not c li"

Equation (309) is essentially simplified for certain wide-spread particular cases
at cntw band sin 0 an

of twi:ting. Thus, at a const we obtain 1 0 and -  a At
d

S sin a i i :n aI the expressions P (F) and (() also are simplified, since

dsinal .-.s" adck"WlV's"

The steam parameters behind the moving cascade are calculated in the following

way:

We wr U-t the equation for the plane behind the moving cascade

. .(311)
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If the outlet angles of the moving cascade are found from the condit-oi- o1

equality of flow rates in similar cascade streams, then

c, r. r, • !

and

CM c, , = _ ), (312)

Then

VS±- LcetCs 'VC ~xc. +d. g.] (313)

We make a number of simplifications:

-2a
inasmuch as *he influence of the term is smalli and usually a2 > 700, then

for this tem we shall assume that

As also for tbs h6ftle -cascade, we shall assume that for-the given flow line

-- =const, i.e., - l __

Tfhe influence of the term c - also is not very great; therefore, it is possible

r

to simplify the expression:

&211

The second term in the bracket is essentially less than unity; therefore,

er, otgvC,, -- ZCU-.
dr

We shall assume that P~v2  RT 2 for the zone of change of parameters with respect

to the radius behind the moving cascade. Then equation (313) is converted to the

following form:

r' T ""T v ;:- ""

Q20; tg V 0 - ,'Tr) -q(. , .,'  ,
and *1,

cl ' 2  dtv T
dp ) " I -- Y d (g v) RT(

4 )
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The solution of this equation:

g4Ph +:2iVYr) dr, (3:15 1

wh- ,e

lf1;.Qtfc1lsIevf -f4L d(fgv) (i)Cr . ] . (316)-

For the solution it is necessary to know Q(F), which is given by the

ca&lculation of the hozzle cascade.

At v very large, deviation of a2 from 900, and a considerable erro'r of the

* I equation of ,;tate of an ideal gas, a second approximation should be made.

* i The calculations with the ormulas given above showed a good approximation

to the results of the calculations forstreams that were performed in this paragraph.

I Example..e£ _ *.c 'Calculation of -the, Last Stage of a Large
• ; " Condensing Tur ine

Given: steam flow.-rate G = 52.08,kg/sec,8 rotor"speed n = 3000 rpm; steam

parameters: at entrance, to stage pO ='0.130 bar, i' = 2488 kj/kg,
2
0 = 7 kj/kg; behind stage: pressure on mid-diameter p2 = 0.0342

bar.

Dimensions of stage: nozzle cascade: mid-diameter di =

21130 mm, height 1, = 900 mm; moving cascade: mid-diameter d2 =

i 2480 mm, height 12 = 960 mm.

Flow area of stage is represented in Fig; 286.

I. Calculation for Mid-Radius

FIG. 286. Flow' On an is-diagram we find the parameters of the stagnated

area of stage flow: i 0 = '2495 kj/kg, P0 = 0.138 bar, O = 0.958, and the(example of' the0
lac cuaion ot available heat drop of the stage

t he last stage
of a large con-
(lennng turbine). , ?- - 285 K0./ .

The velocity ratio on the mid-dianeter

The minimum 'eaction on the mid-raIus
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For a preliminary estimate we select p = 0.60; then p = 0.587 > s..

We shall assume that r = 0.96, = 0.93, t1 = 1.01; ;2 = 1.0.

si ,J dI, = 0,325, a, 18r58*

From the velocity triangles we obtain-w "125 m/sec, 1 106030' and w,

= 187 m/sec.

sin V , . ' si 0 P,--0.493. A 9, 3'.

Since w2t > w., it is necessary to determine tie angle 02 .0(h:

sn*,=n -- t sin N- = 0,453;

P,.= 2rV'.

IU. Calculation of Stage for Three'Sections

YFor this calculation we must select law of twisting for the nozzle cascade.
We shall assume that the nozzle 'cascade should have:

au# = const = 18 tl'. e

Then we can roughly find the reaction by the following formula:

-- Pcp \ "cpJ

For the root section:

Q,= 0.142; h,,= 159 kiAg; Pig- O0.426bar
ap, - 22'40'; 3920'; w -- 314,5 m/sec;

w .'389m/sec;Pi 3G°14'; Q, 7810'; c1 = 2Z1,5 m/sec.

For the peripheral section:

Q =0,762; ho " 44 kJ/kg; p, "- 0,1025; a,,=ac- ,o;,
P, = 160'23'; w, = 273,5 m/see; ,, -- 594.4 rn/sec;

20'51'; a,-- 95°09'; c, - 198,5n/sec;P,, --- .

III. Detailed Calculation of Stage by Means of the
Simplified Equation of Radial Equilibrium in

a Clearance

The calculation is shown in Table 22.

Not., on the calculation: For the mid-section we selected the reaction p

( 1) :O.)6; angto ax P 00 = const. The velocity coefficients, q and P, were taken
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from Figs. 278 and 280 (curves 1); the flow rate coefficients were taken from Fig. c,-
279.

The blades are divided into 21 sections with respect to height: for the nozzle

cascaue we assumed that Ar1 = 0.043 mm, and for the moving cascade, A2 = 0.046 rm.

The root section rt and the peripheral section per, which are 0.020 mm from the

nearest radii of the streams, are calculated separately.

Sequence of calculation.

First the mniddle section-of No. Ii is calculated. Then, -for the transition to

the adjacent stream (for instance, No. 10) we determine:

and
,Ap = 4..,,,

-Art.
V1  r

Here c1u and vi are selectedd for stream No. 11, and r on the boundary of' streams
l-ur + rl

No. 11 and 10 1.,e., r = 1i
2

lie find (h01)j0 = (h01 )ii + 61h0 1 'for stream No. 10 and calculate; the nozzle

casca(.e for stream No. 10..

A-1l remaining streams are calculated analogously. Upon transition to the root

and peripheral section, Ari = 0.020 m is substituted.

Angle a1 is determined for all sections where M > 1:

cit
~~~~~~~sinu,:s na u _ ov.

where

si a: S fz#-coflst.

For sections where Me < 1, angle a1 = a1  const. In the calculation of
Cit

the moving eascade it is assumed that P2 = const,

Angle 13, is found by the following fonnula:

sn 1  U d in

For determination of vt it is necessary to know x for which t;he loosec in the

nozzle easeade should be Pcstimatld:
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I

After calculating the flow rate for the streams, AG, the steam flow through

the-whole cascade should be determined:

20
G.-" 0.043 IF AG 4j; 0.0415S (-%G, + --Gs 1) -53.75 Kz.!CeK.

2

It is interesting to note that the steamflow, which ic calculated for the

middle section, amounts, to 53.58 kg/sec, i.e., it differs by a total of 0.32%. The

obtained flcwi rate is greater than the given one, G = 5.20 kg/sec, by 3.4%. However,

in connection with the decrease of the flow rate due- to the conisal meridional

contour of the stage, a more precise determination of the dimensions of the stage

should not be made..

Let us compare the results of step III of the, calculation with the calculation

for three sections; in step III of the calculation the mean reaction was decreased

71 and angle a, a was somewhat increased.

The reaction at the root was decreased and it amounts to 8.2%; in the root

section the angle 0 was increased by4'; angle P2 changed at the periphery: it

increased by 1.59., The discharge velocity at the root and at the periphery was

practically unchanged. This all shows that even a rough estimate of a stage for

three sections is close to the detailed calculation by means of the simplified

equation of radial equilibrium.

The weighted mean relative blade efficiency of a stage with full loss of outlet

velocity amounts "6o Tj o = 0.746.

The stage calculation is shown in the graphs on Figs. 287 and 288, where it is

indicated by the dotted lines.

IV. Calcula.tion of Stage with Flow Lines on

Conical Surfaces

In Lhe diaphragm, the conicity of tne external meridional configuration amounts

to V = :0.It is not difficult to find angle v1 for each stream (see line I

in Table 23). Then the steam flow in each stream will be found by the following

formula:

AG' AG cos v1.

. The flow through the whole stage, which is found as the sum 7AG', is equal

* to G' = 50.77 kg/sec, i.e., 5.6% less than for the preceding step III of the

*calculation.
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Table 23. Results tof Stage Calculation with Flow Lines on Conical Surfaces.

I ngeofil "tif
p~tNmber of streass

: ]~~ ~ 2$1a/n :Syo. '[ 3 4 _4 1 7 1- i 8 9 10P It 12

I Ang olf' n In nozzle V1 0 04S- 22 33- S30 7-0 A3S" I0M °  112401 :13*5 140 OM 17-30

2 te I -rrAt AG'- 37.3: 36.5 41.4 43.5" 45.45 47.S 49.45 51.4 53.2 55.0 56.66 56.4 00.0

3 Anle of OrW '' 212" 3*0 VW SOW 1Plr 7119 liya 9o1n" 10116 '  
HOW1at flow lit -In moving V, 0

caloade, degrees
4- -1ore aceturate value of 403' 39V 120 3753 37113 ' 3 ' 0 34-W 33-33" 31-37" W44"

a tngle Ope de reesI
angle V,, degrees

6 S: fw A0l/" - 37.3 38. 42.4 43.3 45.45 47.5 49.45 51.4 53.2 55.0 56.65 56.4 60.0

2 Des~ation 14 15 1 1 9 ol, "[ mbter of streams Forl- ~ a
,~~ 13 1' 1 , ' I ,,

• rA wln oze Vt 18155' 20"
,  

210451 23W0 24125
'  

2GVO 700 ' 26115' 290' 301

" scade, degrees ' "
g teo flW pr unit aG,- 61.6 63.06 63,65 65,0 65.(k '.1 67.0 67.05 64.6- 64.3 G;-S0.Tkg~sa

h~l~t Y / o/ =AO €otY2

3 Angle of lnclinst' on v, , IMOS 13"0 14"051" IST02' 16"001 16"541' 17"491 19014
,  

19"37' 2V"
of flow line In.movlngJcascade, dev ters,

4 : More acourate value of 2V471 26*59' 28171 26156' 6017I 2S*M1 23"46" 9 30* 21*24" 20021'
angle Ps, degrees c

4 MFre aeourate value of vI  I'4S' 205" 2130' 22"45 24'1W I 2 S *2' 464' 2645 2 200' 330"
angle Vt, degrees I

6 Steam flow pr Pnit &GI- 616 63.05 63.7 1 65.1 66.8 6.3S 67.15 G7.05 M.25 64.3 G-50,?Sg e
he iit," 1/seo/ , AGcos i_

Let us compare this change with the calculation performed by means of formula

(284):

AG|-- = -K (tg v,)2

where K is taken from the graph on Fig. 283.

For the ease of sin a1 o = const, q = 1, and rn =r 2.18, coefficient K = 1.97.

Then G = -0.065. A detailed calculation gave a smaller absolute value of A , sinc;

q < I in the stage.

Proceeding from the overlap, we will find angles of inclination of the flow lines

for the moving cascade, v2" They are given in Table 23.

It' we limit ourselves in the stage calcuiation only to the introduction of

angles vI and v2 into the flow rate and dimensions of the cascades, then only angle

and the outlet velocity triangles for all streams should be recalculated. It :LZ

obvious that this change will be small for the angles vIn and v 2n' adopted Ln

the given example. The biggest deviation will be for the periphery, where Instead

of P2 a 22 161 , we obtain P2 n 20021. For the middle section, corre.ponding-

Ly, instead or 2 32 029', we obtain 32 03 37 ' All accurate values of 02 are

- presented in 'Table 23.
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V. Mere Af-curate Determination of Flow Lines in the
Meridional Plane

First,. we evaluate the inlet diffuser s, etion of the diaphragn. For this we

use formula (289). The ratio-of areas at the entrance to the diaphragm and in front

of the nozzle cascade is F0/F oI0.815; the M0 number is equal to 0.31. Let ns

- assume that = O.5arid n = 0.90. T.en at co = 123 m/sec, we obtain pO = 0.137

bar and Coi = 92.5 m/sec.

*, tFrom Table 21 it is clear that Mci = 1.00 is attained in the 12th stream. We

shall unite all streams from the root to the 12th one and find the correspondingI *,
value of 1 by means of Vo;:njla (291); further, for every AG we determine Ati.

Thus, more accurate values are found in the beginning (at entrance to nozzle cascade)

for the flow line and angles vi"!

Practically, cos V1, as compared to cos v., was changed only in the streams

starting with the 15th and proceeding through the 21st. The variation of the flow

rate is also calculated for these streams:

AG°%AG csv1

It should be emphasized that such a small zone along the ]ength of the blade,

where the influence of the change of the position of the flow lines is noticeable

*as compared to that step IV of the calculation, is characteristic only for stages

with approximately constant specific flow rate. An-analogous recnlculation of the

value of v2 should have been made for the rotor blade. However, in the method that

we adopted for twisting the rotor blade, when angle D2 is found from the constancy

of the flow rate in identical streams of the nozzle and moving cascades, this is

not necessary.

Inasmuch as angles vi scarcely differ from angles v1 in our example, it is not

necessary to perform a more accurate determination of the calculation of 02 and the

outlet triangles. The change of the steam flow, as compared to step IV of the

calculation, is very small and amounts to a total of 0.02 kg/sec, i.e., a total of

0.04%.

VI. Calculation of Stage by Means of Complete Equation of

Radial Equilibrium

The i.alculatLion is shown in Table 211. It is practically necessary to recalculate

ail the data in Table 92. From it there remain: lines 1, 2, 10, 15, 21, 22, 24, and0)
also tlhe condition of a , 20 const (strictly speaking, since in Step V
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of the calculation we obtained G' = 50.75 kg/sec, which is less than the given value
of G = 52.0 kg/sec, since d18I should be increased in proportion to the flow rate,
i.e., instead of a 1  = 20.00 it is necessary to, take al. = 200301. In ourexample we will not perform this recalculation for the sake of simplicity.

Lines 5 and 3 are used from Table 23.

Sequence of calculation.
For the nozzle cascade, as compared to step tII, the following change is intro-

duced:

Ak, - Art c u, 0a, . sinvi

and

Ap -Arl -Cj 4sinaj--q, sinv,,

where cia c1 sin a1 cos VY, cl0  = 92.5 m/sec, a = 0.1 const (width of nozzle bladeor more exact distance on axis between two control planes), P1 is taken from line 2
of Table 23.

Analogously to step III of the calculation, for every stream we construct an
Jalet velocity triangle. However, if in the preceding calculations it was assumed
that the available heat drop of the stage does not change with respect to height,
then velocity w2t was also calculated as usual, i.e.,

2--- + 6-h01).
then in the calculation of the section behind the rotor blade, by means of the
equation of complete radial equilibrium h0 of the stage, it will be constant.

Therefore, for the section behind the rotor blade, we find

A4, = A r2-- C- sin vs -c,-

and, analogous to this, we find Ap2 .
Here C2u, C2a, Cla, and v2 are selected for the given stream, while the term

(C2r)i-I is selected for the preceding stream, which is located at a distance of
6r2 from the i-th strewn.

The available heat drop of the moving cascade is calculated with Ah taken
0into account, i.e.,

4) 
/4 h, -o + A ho - h,.
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Angle 13 is found by the following-formula: C
An -Es LL rzat" ti C06 v!

s L'2 -- -c- C" V1

It should be borne in mind that the reactionj u/cd1 , and I., of each stream

are determined for the changed value of ho .

The results of the calculation are sh-own on the graphs in Figs. 287 and 288,

where they are represented by solid lines. These graphs permit us to compare the re-

sults of the calculation for steps III and VI. From this comparison we note 0-z

following l.mpoftant 'features:

i. The pressure behind the stage, and consequently also the available heat

drop, essentially change with respect to height.

2. Angle 32 was decreased in the root part of the blade. In the root section,

instead of P, - f2 = 441016' - 40023' = 3 03', it became 0 - A2 = 43021 -3822 = 50;

angle 02 is increased in the upper part, and on the periphery, instead of 20016
',

0 A
it amounts to 27,23;

3. The relative outlet velocities of steam from the moving cascade were

2noticeably changed. In step III of the calculation they changed from root to tip

* from 1.04 to 1.58, in the more exact step VI of the calculation, M- 2 = 0.98 to

1.78, correspondingly.

4. The efficiency of stage was increased; it was calculated for an available

heat drop of h0 = hoCp = 185.0 kJ/kg.

One should note the low value of the efficiency IoM of the upper sections in

step VI of the calculation. Although in steps III and VI of calculation it is

assumed that T and ?p are identical, and for the upper sections in step VI of the

calculation we obtained angles a2 that were closer to 900 than in step III of the

calculation, the more exact calculation gave a lower value of efficiency.

This is explained by the small effectiveness of stages at very high velocities,

when expansion beyond the limits of the slanting shear does not create effective

per.'ormance in the stage.

If we select cascades with divergent channels, for the upper sections, as this

is proposed in § 43, then there will be no deflection of the flow in the slanting

shear or it will at least decrease, and the efficiency of the stage in this section

will increase.

5. The change of the stage reaction with respect to height in both methods (_
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of calculation was not very noticeable.

As a regult of the more accurate calculation, the steam flow through the stage

amounted to G= 50.99 kg/sec, and the efficiency on the'blades (without taking into

account the peculiarities of flow of moist steam) was I o 0.779.

§ 46. FUNDPl4ENTALS OF DESIGNING THE LAST STAGES OF
CONDENSING TURBINES

Selection of the Law of Twisting for the
Nozzle Cascade (see § 3.9)

For a subcritical flow and d/1 > 5, practically without lowering economy, it is

possible to apply nozzle blades of constant profile (cylindrical). In this case it

is necessary to monitor the selection of the number of blades, i.e., the cascade

pitch. It is necessary to select the cascade pitch in such a way, so that there

would be no noticeable deviation from the optimum value of relative pitch, F = t/b,

in the root or peripheral sections. For this method of twisting it is possible to

apply the model stages that were considered in § 49. These stages have. n angle ai

that increases from root to periphery.

For a subcritical flow and 3 < d/1 < 5, with cylindrical blading, it is difficult

tn ensure optimum pitch F for the entire height, therefore it is desirable to twist

the nozzle cascade. Inasmuch as the stage efficiency is greatly influenced by the

cascade economy, especially that of the nozzle cascade, it is best of all to base

our methods on well developed and checked cascades. Therefore, for such a stage it

is perferable to have the nozzle cascade made from the same profile.

Consequently, it is necessary to increase the profile chord from root to

periphery. Then, if this chord changes in proportion to the radius, while the

profile and its angle of incidence remain constant for the entire cascade, every

section will have a constant relative pitch F. It is obvious that it is not

necessary to strictly maintain the constancy of f; it is necessary only that along

the entire height T be in the optimum zone for the given profile. This makes it

possible to change the chord with respect to height not in proportion to the radius,

but to a somewhat smaller degree. Thinning of the trailing edge is favorable

and, if the requirements of technology and reliability permit, it is necessary to

select the edge thickness as small as possible. For a nozzle cascade with variable

chord it is not necessnary to proportional ly incoease the edge thickness to the

() periphery; It. is posslble to change it, retaining the allowed minimum p Th.-e
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stagea will have an angle al, that changes little with respect to height.

For a stage with supersonic flow- in the lower root sections it is necessary to

twist the nozzle cascade, since the requirement of ensuring small losses can be

carried out only by selecting special profiles that are different for the upper

subsonic and the lower supersonic sections. For such stages, in particular, the

]ew of constant specific flow rate may be used.* If the M number for a stage in the

middle section amounts to Mc = ct/a = 0.8 to 0;9 then the angle a along the

cascade height (without taking into account the deflection- in the slanting shear)

will remain approximately constant. The advantage of the law of twisting, i.e.,

donstant specific flow rate, as compared to the many other laws, consists in the more

uniform distribution of the flow rate along the height, and also in the fact that

in first approx'l.ation it is possible to assume that the meridional flow lines

(for rectilinear restriction of the flow area) are straight. This essentially

facilitates the calculation of the stage and brings the calculation cIoser to the

'true character of a three-dimensional flow,

For limiting stages with very large heat drops and small d/1 in the middle sec-

tion 14_ > 1, and the constancy of the specific flow rate signifies a decrease
-1

of the angle of flow.a. from root to tip. Actually, with the constancy of angle

al( , due to an increase of the heat drop of the nozzle cascade, the angle of

flow ai wl~l increase toward the root. Thus, from the root, where Mc is maximum,

angle a wil increase with respect to height, while M > 1, and at = 1 angle

Cc = a sq ; further, with the decrease of velocity, the constancy of the specific

flow rate requires a decrease of angle a1.

In this case it is possible to use formulas [96]:

r
" ~- I._ k+ ,- -1 - (317)

S2 2
t'ep

sina,= q (3i8)

1, -. 2

x-This law of Lw.sL1cr was first proposed by V. G. Tyryshkin.

- )
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A.q where

q_. =n . _ const. (319)

Equation (317) can be solved only by numerical integration; if the stage is

calculation in a region where it is impossible to apply the equation of an ideal

gas, the solution of equation (317) should be perforned-with the help of finite

differences, as done In the preceding paragraph.

Figure 288 shows the results of the calculation of a stag-ewith q = const.

The stage is calculated for operation in a region of slightly moist steam; d/i1 =

= 2.7; (Xci)cp = 1.03; )= x).

With constancy of angle OR= 200 in the entire zone of supercritical flow,

at the root a. R = 20045 ' and at the periphery a. f =a. . = 22035'. Thus,

in spite of the large change of the radius, a 1 b changes by a total of 2035 ', which

makes it relatively easy to select the effective profiles, changing the maFfiitude of

the cqprd, of course, in order to preserve the optimum relative pitch T.

The same graph represents the curves of change of angle a1 for a stage with d/1 =

5 596] at values of XI Cp = 1.5, 1.0, 0.5, and 0. Calculation is performed for

k = 1.135 and without taking into account the losses.

For twisting according to the law of constant specific flow rate for a

supersonic flow, in the lower half of the blade the angle of flow aj. will be the

biggest at the root. Owing to this, angle P, increases at the root-and profiling

of the root sections of the rotor blades is facilitatea. As already indicated in

§ 43, at small angles P, it is difficult to profile a cascade with small losses;

in this case not only the profile losses, but also the end losses will be great. In

connection with this, an increase of at the root has a favorable effect on the

flow around the root profile of the moving cascade.*

Let us compare, for instance, the frequently encountered law of twisting,

c Jur = eonst, with the law q = const. The comparison will be made for a limiting

stage, wherc the Mel numbers equal to I are attained approximately on the mid-

di:tmeter. The requirement of c ,r const for such a stage cannot simultaneously

ensure the condition of ca = const, i.e., the main advantage of this law of twinting

Xlferc, indeed, the moment of resistance of tae profile, Wx , decreases.
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for z,:ages where it is possible to disregard the influence of compressibility. At

the same time, according to this law, angle a1 will be minimum at the root, and

maximum at the tip. As a result of this, the losses will increase (both profile and

end losses) at the root sections of

SIR the nozzle and moving cascade;

S - -- -the losses in the peripheral section

of the nozzle cascade will decrease

somewhat (due to the larger angle

- -5 a,), profiling will be complicated,

* Sina434Z and the losses in the upper section

~.iI3S Sincrw,.0.3j(.V- of the moving cascade will increase1.z - - -!,

(where angle P.' which increases as

'7 A6 1,~031 a1 increases, is very~ great). it' A 0 is possible to assume that the cas-

47 a 4it , "2, V £ cade losses in a 'stage that is

.E- -4 designed according to the law of

L -q = const will be less than in one

FIg. 289. Change of outlet angle of nozzle designed according to the law when
cascade, depending on radius, with twisting
according to constant specific rate, q = I increases from root to tip.
= const.

However, if the flow in the

nozzle cascade occurs with velocities

below critical, then at q = const the angle a1 will increase from root to tip, -and

at X 0 we will obtain the known case of cur = const, For a subsonic flow it

may be prefcrable to perform twisting at a, = const (with variable chord); if,

howevcr, the aagle in such a stage is very small (for instance, the next-to-the-last

stage of a large turbine, where the last stage is a limiting one), then it is of

valuc to change the .nr,;le a1 , decre-sing it toward the tip, or maintain angle a =

= const almost along the entire height, increasing it in the root sections and

decrea*sing it in the peripheral sections.

When olectinG the law of twisting for the nozzle cascade, i.e., the dependence

aL &i(r), one should .onoider the possibility of separation of flow. The works

K. Bauitmert aind H. KlKukens 1131], which were developed at KhPI by M. Ye. Levina and

P, A. ikoman, nko [I ], and th, Invertigatibns conducted at MEI, proved that separation

of t'low L., ,os.ibit in the root nections of annular cascades (see Chapter VII). This (
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separation of flow may occur in the cascade itself, as well as behind it. The

possibility of this separation and the place of separation depend on a number of

factor3: on the law of twisting, i.e., the dependence a1 
= (r), the flare d/1,

the angle aI itself, and .the M number; the meridional curvature of the flow line,

the c-iarance between cascades, the character of the flow, the cascade losses, and

so forth. A detailed analysis of the influence of these factors is given in the

works of KhPI and in the preceding chapter. The presence of separation of flow is

confirmed by many experiments, including the experiments of N. Scholz [152] and

D. Shepherd, the experiments conducted by M. A. Romanenko at KhPI [65], and MEI

experiments (see § 35). Very interesting experiments in a test turbine were

conducted by A. 0. Lopatitskiy and M. A. Ozernov at the LMZ laboratory. In the root

sections of the rotor blade of a stage with d/1 = 6.8 darkened zones of deposition,

of particles are detected, which are connected with the separation of flow behind

the nozzle cascade, and also In the moi'ing cascade.

Calculations of a cascade with distortion of the meridional flow lines showed

that the data of Bammert and others require considerable correction; the same

also pertains to the calculation of the- influence of friction, the influence of the

next cascade, and so forth.

The KhPI (65] conducted investigations in an experimental air turbine with

d - 248-418 mm at 0 = 3.31, 4.33, and 5.13, angle a1  12-149, and very small

flow rates.

For a cascade with 0 = 5.13 and a, = 120, with cylindrical blading, the experi-

ments showed that at a large distance behind the cascade there nevertheless occurs

separation of flow. If behind the nozzle cascade there was mounted a disk with rotor

blades, separation of flow was not observed; however in the moving cascade there

occurs an essential distortion of the flow lines which is especially noticeable

when there is a large axial clearance between cascades. At the stage outlet almost

half of the height (from the root) admits a total of 20% of the flow. It is necessary,

indeed, to consider that the moving cascade was not twisted in accordance with the

variation of the parameters of flow behind the nozzle cascade, which naturally

influenced the distribution of parameters and flow rates behind the stage.

For a stage with high supersonic velocities (Mc 1.5), selection of the law

of twisting, a I  c(r), should be performed in such a way, so as to ensure minimum

losses along the entire cascade height, taking into account the requirements of

reliability.
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in this case, just as for moderate velocities (M 1) and d/1 > 3.5-4.5,

in the form of a first approximation we can recommend the law of a1  cc,st or

q - const, which results in an analogous change of angle a_ = a(r). In this -4se,

the interblade clearance should be reduced as much as possible.

For ensuring reliability it is sometimes necessary to decrease aI in the root

zone.

Blading with a noticeable increase of angle a1 from root to tip (cylindrical,

and also designed according to the law-of Cu.r = const) should be recohmended only

for sufficiently large angles ai(alu > 30')-, large d/1 > 4-5, and small interblade

clearances..

* Angle pi , for the moving cascade should be selected, taking into account the

angle 13., which is obtained Zrom the inlet velocity triengle. As indicated in § 43j

00

for cascades where (i 900 , it is necessary that the design inlet angle be some-

what less than the calculated P,, and for cascades where P, > 900, conversely,

"3 1  >

Angle P,3 for the moving cascade should be selected from the conditions of

uniform (corresponding to the flow in the nozzle cascade) distribution of flow rates

with respect to height. One should consider the change (with respect to height)

of the flow rate coefficients here. This is especially important for the root sec-

tions, where the coefficients p are lower than in the middle sections. In the

calculation ,f angle P2 % one should also consider the possible obstructions of flow,

e.g., wire, thickening of profile, stellite linings.

Selection of Meridional Contour of Diaphragm

For the last stage of condensing steam turbines, this question obtains a large

value. The conditions of designing a low-pressure flow area, in distinction from

ireas of high and intermediate pressure, do not make it possible to pass from stage

to Zta~e with a slight increase in height. The height of the blades increases es

especially sharply in the transition from the next-to-the-last stage to the limiting

last stage, and also afl-r the lower level of Bauman's stage.

Turbine plants in this ease employ vario3 solutions (see § 42). A detailed

investigation of the influence of the meridional contour on the efficier of a

stnge for actual sztge parameters has not been conducted by us and is not describd

in the literature. The LMZ and BIM laboratories conducted investigations of the
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influence of overlap at the inlet and the meridional contour in -air-driven turbines

(see Chapter VII).

At BIT4, Prof. I. I. Kii4-lov investigated a stage with d/L1 = 7.4 and

cylindrical meridional restriction of the flow area. He investigated different

versions of an inlei conical diffuser having a cylindrical contour 110 and 190 mm

in length on the root dieaeter (mid-diameter of stage was 560 mm); the external

contour of the diffuserhad conicity from 00 to 600. ho d-ffuser ended at a

distahcjF! of 15 mm from the entrance to the nozzle cascade (this entrance section

was cylindrical). The author indicates that since the experiments were conducted for

a small heat drop (Mc, = 0.25), the influence of losses at the entrance to the

stage was considerably greater than in actual stages X steam turbines. Thus, even

for conicity with an angle of 200, the kLnetic energy at the entrance amounted to

17% of the tota] heat drop. Let us recall that in the last stage of the .- 300-240

turbine it is less tfh 4%.

Interesting experiments also were conducted in the LMZ laboratory by engineers

A. 0. Lopatitskiy and M. A. Ozernov. They investigated a model of stage No. 21 of

the LMZ turbine IBI-200. The experiments were conducted in an air-dkiven turbire

at d/12 = 4.6 with nozzle blades of constant profile of the type TC-2A lEI and

with twisted rotor blades (k 40). The stage was tested with a cylindrical meridional

,contour, with overlap at the entrance, and with different forms of meridional con-

tour. The stage wa- inVestigated in two versions: with shrouded and unshrouded rotor

blades.

In the LMZ experiments, the variants with the conical contour, starting without

a clearance directly from the entrance to the stage, improved the stage's economy.

In particular, the variant with the very large overlap (AZO/i1 = 0.52) and conicity

240 had the same efficiency as in the initial cylindrical stage (Fig. 298). This

is indirectly confirmed by the MEI experiments with the last stage of the KIZ.i

turbine AH-6 [100). Unfortunately, this variant was not investigated in detail,

and It is possible only to assume that in this case the flow at the entrance to

the nozzle cascade is more uniform.

When extending the results of the LMZ experiments to the last stages of con-

densing turbines and the last stages of large gas turbines, one should consider that

the LMZ experiments were conducted with moderate heat drops (Mc, 0.5), when the

kinetic energy of the inlet velocity amounted to 2.5-5%.
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In spite of the fact that there are few experiments, especially with actual (--j

M and Re numbers, on the influence of the meridional contour and overlap at the

inlet, it is possible to make certain preliminary recommendations.

1. An abrupt transition from the prcceding stage to the diaphragm of the

next stage hai an unfavorable effect. The external diameter of the entrance to

the diaphragn should not be essentially higher than the external dimaeter of the

rotor blade of the preceding stage.

2. The diaphragm should have a conical, or close to conical, diffuser at the

entrance to the nozzle cascade, which can end in front of the nozzle cascade and

should smoohly pass into the cylindrical contour or continue inside the channel

of the nozzle cascade itself. The conicity of the difi-ser and the meridional

contour of the nozzle cascade should not be large, e.g., up to 20-30
°.

A conical contour of the cascade itself, especially at a large angle of

opening, can lead to the fact that the channel of the nozzle cascade will appear

divergent in the upper part and the losses in the end will increase; therefore,

it is best of all at the end of'the channel to have a smooth transition from a cone

to a cylindrical configuration or to a cone with a smaller angle.

It should be noted that the presence of a conical diffuser, and, all the more so,

a conical meridional configuration of the nozzl6 cascade when designing a stage,

requires the calculation of the influence of distortion of the meridional flow

lines. The procedure for this calculation was outlined in the preceding paragraph.

It is especially important to consider the cbange of the steam flow rate, which is

confirmed not only by calculation, but also by experiments.

3. The inlet diffuser of the stage should not have large losses, i.e., 71,

should be sufficiently high. Practically, l corresponds to the utilization factor

of the outlet velocity from the preceding stage (but it is not equal to it, since

the velocity at the entrance to the cascade is less than the outlet velocity of

ths preceding stage).

or great importance is the uniformity of the flow at the diffuser outlet, i.e.,

in Iront of the nozzle cascade, since the effectiveness of the cascade itself depends

*on this.

At MEI, A. Ye. Zary',nkin conducted some interesting investigations in conical

and annular diffusers, the results of which can be used when designing and cal-

culating the (liaphrafgis of steam turbines.
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The experiments showed that in the zone of angle y from 8 to 200 the influence

of the M iumber is not great.

The change of the loss coefficient here is practically linear and it is caused

only by the increase of length of the diffuser, i.e., it is not connected with the

cone angle; This obviously is also

%I!. confirmed by the experiments where

separaticn of the boundary layer is

It -Z not observed. With the increase of

angle y to more than 200, the losses

Zalready essentially increase.

-. -- -- Apparently, separation of the boundary

- - - layer is indicated here.

It is obvious from what was said

0.1 RZ 41' 0 85 0l 47 H* that conicity of the diffuser preceding

Fig. 290. Influence of diffuser shape and the nozzle cascade is permissible to
Mo number on -losses. MEI experiments at

f = FI/F 0 = 2.33. 20-300 .

Tests of a diffuser with various configuration at identical f and L, i.e.,

diffuser length, the results of which are represented in Fig. 290, showed that the

losses in a conical diffuser (angle = 110203) in a wide range of M numbers almost

do not depend on velocity. The so-called isogradient diffuser (curve 3 on Fig. 290)

has its main expansion in the outlet portion. Diffuser 2, conversely, has a sharp

increase of area immediately after the inlet. This diffuser is preferable for low

(to 1.1 = 0.4) velocities. With the increase of the M number, in this diffuser there

appear considerable positive pressure, gradients at which the losses due to separaticx,

increase.

Thus, at low M numbers less than 0.4, a diffuser with a sharp change of area in

the ii.let section is somewhat more preferable than a conical diffuser, which is

better for high velocities.

Selection of Other Design Characteristics of a Stage

Above we considered the question of such geometric characteristics of a stage

as the change of angles a. )(, P' P2 3 ' and the meridional configuration of the

diarhragm. However, this is not sufficient for forming a stage. It is necessary

to know how to seluct the profile chord, trailing edge, blade incidence, overlap, etc.
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First we shall discuss the geometric characteristics of profiles. The pitch C)

of the nozzle cascade must be selected on the basis of the characteristics of

separate sections. As a rule, this leads to an increase of chord from root to

tip. Inasmuch as the dependence of losses on-pitch is very linear with the increase

of T, in most cases it is not necessary to increase the chord in proportion to the

radius; it is quite permissible to increase the chord to a smaller degree. Selection

of the absolute value of chord b of the nozzle cascade also should be decided from

the position of minimum losses, if, of course, it is -not limited by strength. On

the one hand, a decrease of chord is favorable, since this lowers the end losses;

on the other hand, it may be unfavorable, since the Reynolds number decreases.

In general, the problem concerning the determination ofoptimum chord can not

be solved at this time. For the end losses it is possible to use the dependences

that are known in literature (22]. It is true that these formulas do not consider

the peculiarities of supersonic flow and they pertain to straight cascades, not

annular ones. Earlier (see § 35 and 43 ) it was shown that-the end losses will be

greater in annular cascades. If for stream turbines in stages of high and inter-

mediate pressure, just as in gas turbines, the Reynolds numbers are so high that

their influence is usually disregarded, then for the last stages of condensing tur-

bines this is impermissible.

For cascades at subsonic flow rates there is rather limited material concerning

the influence of the Re number on losses. For supersonic flows and, in particular,

for cascades with expanded channels, these data are still insufficient for obtaining

generalized characteristics; therefore, uhe solution of the problem concerning

the optimum value of chord is possible only for a specific case, if there are the

following dependences for it:

: =!(11b, Rblrj = 1'b)
t I (Re) =1' (b); (320)

where Re bcit/vi.

Inasmuch as in i his chapter we are concerned with relatively long blades, for

which the ch,'rd changes along the radius, it is of value to refer all losses not

o h, ent iro lnrgth, but only to a certain section of the blade, starting from the
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root, and thus select the chord for this root section. In this case, naturally,

by I we imply not the entire blade height, but only the height of a section. The

height I of the root section should be at least no less than the zone of propagation

of end phenomena on the order of 100 mm.

The sum of the losses in the root section of the blade will be equal to

---, + C,, + C. = f(b);

We shall consider an examp e of the root section of the nozzle cascade of a

limiting stage, which was investigated in detail at 1EI (see § 43).

Let us assume that all sections of the root portion are under approximately

equal peTformance conditions (Re, M). Here the M number is 1.5.

The profile losses in this cascade will be estimated by means of the following

eifpirical formula (for Re > 3-W05):

016 1 -0

The end losses on a 100-mm section for an annular cascade ( 0.13,

= 13O:

b 0.2~~ (0.2.

The edge losses (see § 4) at Ap = 1.5 mm and T 0.56:

0.004

Then for = 0.1 in, cit = 570 m/sec, and v, = 8.5"10"2 m2/sec, we obtain the

total losses:

= 0,0326b- 0 .2 + 0,1 16b0 ,8 + 0,0024b-'.

Minimum total losses are attained at b - 180 mm; however, in the optimum zone

the dependence C = f(b) is very linear. Thus, at b = 150 mm the losses increase

by a total of 0.02%, i.e., by a disregardable quantity that is essentially less

than the accuracy which the formulas for give.

For the middle of the nozzle cascade it is possible also to find the optimum

value of chord. Here one should consider the influence of the Re number on the pro-

file Losses, the influence of chord on the edge losses, the influence of chord on

( ) relative piLt2, and consequently, on the profile losses. The influence of chord on

the end los:es in this zone, naturally, is not considered.
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For the upper section of a blade it is necessary also to consider the influence (39
of the merldional configuration of the diaphragm.

it is obvious that the selection of optimum chord of the nozzle cascade is%

possible only in the presence of a large number of experimental data obtained for

different cascades investigated in a wide range of variation of Miand Re numbers.

Our statements concern not only straight cascades, but also annular ones with

different types of meridional configurations.

The trailing edge of a nozzle blade should be minimum, as much as the require-

ments of reliability and technology of manufacture permit; in root supersonic

sections, a rounded edge may be expedient.

Selection of the chord of a rotor blade is determined by the same factors as

for a nozzle blade. If it is a question of blades that are not limited with respect

to their strength characteristics, for instance the next-to-the-last stages or last

stages of small and imtermediate turbines, the chord should be selected py proceeding

from minimum losses. In distinction from the nozzle cascade, the Re number is less

here (especially in the root sections) and, at the same time, the end losses aie

greater due to the large deflection of flow and the lower velocities in the root

sections.

For last blades of limited dimensions, the selection of chord is almost completely

determined by the strength characteristics. However, in this case it is also

necessary to know and, if necessary, to numerically estimate, now the cascade

effectiveness will change when the chord is changed.

Selection of the thickness of the trailing edge of the rotor blade profile

of all stages except last ones, is determined by the conditions of reliability

and technology. From the point of view of the possibility of using the outlet

velocity in the following stage, the edge should be minimum.

For thc last rotor blade of a turbine, the question concerning the selection of

the thickness of the trailing edge is specific. In limiting stages the flow past

the entire blade or, forthe most part, past its length at the cascade outlet, is

supersonic. Consequently, the edge losses, including the mixing losses, as well

as processes taking place behind a cascade in a supersonic flow, practically will

not affect the character of flow inside the cascade or the distribution of pressure

and veLocities along the profile. Thus, there will practically be no change in the

magnitude of the 'orce Pu created by the steam in the stage, which also means the
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effectiveness of the stage.

The flow process occurring outside the last cascade will affect the- losses in

the outlet duct of the machine; however, for real ducts of condensing turbines,

the influence of the thickness of the trailing edge on:the duct losses is

practically imperceptible.

Consequently, for the last cascade with supersonic velocities, the thickness

of the trailing edge within limits up to A.p = 2-3 -mi, in itself, almost does not

influence the-effectiveness of the stage, and it should oe selected (taking into

account reliability) in such a way as to ensure an optimum channel shape in a

cross section. In this case, for certain supersonic sections, where it is preferalle

to have reverse -concavityof the profile back in the outlet area, it may sometimes

be expedient to employ edges that are thicker than -required by the conditions of

technology of manufacture and reliability.

It is obvious that also for a subsonic flow, the process occurring outside

the cascade practica7.ly will not determine the magnitude of Pu; therefore, in this

case also, the edge losses should not enter as components into the balance of 'the

stage losses. However, for a subsonic flow, a change of the thickness of the

trailing edge leads to a change'of the flow in the edge wake and in the pressure

distribution behind the edge, which affects the character of flow inside the channel,

and as a result, the effectiveness of the cascade. Here the question about the

selection of trailing edge thickness shouldbe solved concretely, depending upon

the configuration of the cascade and the behavior of the flow. However, it is

obvious that the influence of the thickness of the trailing edge is different

for a last stage; it is less than for other cascades, and its increase in a number

of cases may be expedient.

Selection of the nxial clearance between cascades, as already noted earlier

(see § 22), is determined, on the one hand, by the increase of mixing losses with

the increase of this clearance and with another smaller nonuniformity at the

entrance to the moving cascade. Experiments on the study of the influence of the

axial clearance on the economy of a stage were conducted at very low subsonic

velocities and without taking into account the soeclfic peculiarities of last

stage-o; therefore, they cannot be used for selecting the optimum value of the

clearance.

It should also be stressed that in a number of stages (depending upon the law
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of twisting, the flare, angle a., etc.) separation of flow is possible in the root ~0
sections at a certain distance behind an annular cascade. For .such stages (see

35) it is desirable to maintain an axial clearance, especially in the root area

of the blades; this clearance should be as small as the recquirements of-reliabi-lity

permit (see Chapter VII).

The influence of overlap for the last stages of condensing turbines almost

was not investigated. With the flow of moist steam, for decreasing blade erosion

and large suction of moisture,, frequently zero overlap or even a small negative one

is employed on the periphery. Bowing of the nozzle blades, which makes it possible

to somewhat decrease the change of the reaction along the radius, is expedient

(see f 39); however, it still has not undergone an experimental check in a test

turbine that simulates the flow in the last stages of condensing turbines. After

these experiments are performed, it wi),2I be- possible to make concrete quantitative

recommendations on the selection of blade angle and curvature.
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CHAPTER IX

GENERALIZED ECONOMY GRAPHS AND CALCUIATION -0F MODEL STAGES

When designing-a turbine, practically for all stages with the exception of

limiting stages of large condensing Steam turbines and certain spdcial turbines, it

is possible to use cascade combinations of model stages that have been tried out

and checked beforehand in experimental turbines. In this case it is best to use

gener, liz~d graphs that are constructed on the basis of numerous investigations

which have been discussed in the preceding chapters.

We shall discuss the procedure for calculating model stages for three types

of stages: a singie-wheel stage with cylindrical blading, a single-wheel stage

with variable blading, and a double-wheel velocity stage.

§ 4l7. SINGLE-WHEEL STAGES WITH CYLINDRICAL BLADING

We shall first determine the basic dimensions of the nozzle cascade. The

area of its outlet section is found by the following formula:

F, 0 (321)

where po[N/ji2] and vO[m 3/kgj are the parameters of the stagnant flow before the

stage.

Here q is the relative flow rate, which is determined by means of gas-dynamic

tables depending upon the pressure ratio in the cascade, F- = P1 /po; Bt is a numeri-Al

coeflicient that is determined by the isentropic exponent k.

For k - 1.3, 11i "o.66i; for k = I.4, Bt = o.6 7 4.

Inasmuch t:" all stages must be designed with a small positive reaction in the

root section, the reacton p on the mid-diameter d may be assumed to be greater than
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. and the pressure ratio c, in the nozzle cascade is found by the following

formula:

es + e 0 ,) (.322)

If E e , then q = 1.

Instead of formula (321), frequently for a subcritical flow it is more con-

venient to use the continuity equation:

F, = Gulf (323)

Here v1 t is the specific volume behind the nozzle cascade; it is determined

for an isentropic flow process; cIt is the theoretical discharge velocity of the

nozzle cascade; it is calculated on the basis of the parameters of the stagnant

:1 flow before the cascade.

Various initial conditions are possible when designing a stage. Let us first

consider the case of full input of the, working medium. If a single stage is being

calculated, usually the mid-diameter d of the nozzle cascade is known from a

preliminary calculation and, thus, the following product is determined:

"FI
i sin a, F (324)

Then for a selected cascade we will know a, o, and 1, is then calculated.

The dimensions of the moving cascade are found for a given combination

according to the optimum ratio (FF s)onT ee Chapter IV) and the angle 2, i.e.,

F, = F,
(325)

For stages with cylindrical blading, as a rule, the diameters of the nozzle

and moving cascades are practically equal. In another case, into formulas (323)

and (52')) we ombstituc diLI'orent values of d.

Ar'tor deLermlning 1,) by formula (325), it is necessary to check the overlap.

If* L ex(,evd: the limits that were recommended earlier (see Chapter IV), either

Lhe r tio (i,',/Y,) on, or the angle P,, ( should be changed; small deviations of these

quanl LtLez Irom the optinum value practically do not affect economy, but can somewhat C A
change the m.-ignitude of p, and consequently, the flow rate through the stage.
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A decrease of F2/F! leads to an increase of the reaction. The reaction is

then increased by Ap-

]-0, [ (326)

'Then the area of the nozzle cascade F, should be changed as compared to F.,

which is found by formula (321).. This ratio F 1/F1 is determined by either a detailed

calculation, or by means of the graph

-- -j- -in Fig. 291.

-- A devia.tion of 02 d from the

zed [ recommended value renders an insignificant

ME I i . - - influence on the area F, (at the same

-F 2 /F9) and it is usually disregarded.

In general, the accepted value of

07F cannot correspond to the selected

S ., - value of p. For a subcritical flow,

M J- --- this will lead to an ,error in the

determination of F1 .
Fig. 291. Change of area of nozzle
cascade, calculated by formula (321) for It is necessary to check the actual
a deviation of the area ratio (FIFi)

from the optimum value, (F2/FI)OnT (for reaction p, determining it first by means

calculating the dimensions of a stage of Fig. 50, and then determine the exact
with cylindrical blading).

value of F1 by formula (321) or (323).

In most cases this exact determination will be insignificant.

If a group of stages is being calculated, then for all the blading of the group

it is desirable to retain blades that have identicai profiles and the same pitch t in

the root section. Inasmuch as such a group of stages ..dally is designed with a

constant root diameter, the relative cascade pitch on the mid-diameter will increase

from stage to stage.

Area F1 , which is determined by formula (321), is found for each stage of the

group not only for different parameters of the stagnant flow (po, vo), but also

Por different F,, inasmuch as d/Z, and consequently, the reaction on the mid-

diameter, will be different for each stage.

For any stage of the group, the root diameter d, = d - I and all cascade

dimensions in the root section will be given, i.e., angle (a1 O( )
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F dti i)sin arctg( 4 7- gt)] (327)(

Here, for determining F1 , it is assumea that in a cascade of constant profile

,t a, ,:. -L 1 t"

After calculating FI beforehand by formula (321), for which it is necessary

to first know the ratio d/1, it is possible knowing dH and a. y , to solve equation

(327) with respect to zI .

T "After that, a more accurate value

of d/1 and F1 should be found.

_._ " __ For convenience of calculation,

Fig. 292 graphically represents

.13- 40"V7 formula (327).

4 -- am - After taking the optimum
O -value of (F/FIonT and

determining the area of the

tgraio tzz o.zi " 3o as moving cascade F 2 , we calculate

Fig. 292. Determination of cascade height accord- the height of the moving cascade
ing to diameter and outlet angle in root section.

I2 by the following formula:

Sif 11g -- (328)

'Ibis procedure iz similar to the one followed above for the nozzle cascade in Fig.
292.

The _de efficiency on of a stage with cylindrical blading composed on MEI

cascade:; may be determined by generalized graphs [103] that have been constructed

on the L i..L of experimental data and theuretical calculations given in the preceding

c:hapter., of' this book.

llcEIeney i:s calculated as the product. of the primary value of efficiency I'

times a numiber of correcLion factors. Figure 293 presents a graph* of primary

-XThe Igraph in Fig. P93 was constructed on the basis of the results of stage
teots that werc not conducted under simulated conditions, but with the real plant
technology of manufacture. In all doubtfui cases, in case of divergence of the
results of' experiments, and so forth, the lowest value of economy was taken; there-
Prre, the e'fIlcLcnuy calculated according to Fig. 293 is taken with a ,ertain reserve. ( _
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efficiency i' depending upon u/c and nozzle cascade height I1031

Here u is determined for the mid-diameter of the nozzle cascade, while b

is calculated for the entire stage drop, staiting from the stagnation parameters

before the nozzle cascade to the static pressure behind the moving cascade.

The graph of Fig. 293 was constructed for the following geometric and

physical parameters:

1. MEI cascade combinations: H1 -1-2A; HA-2-2A; M-2-3A (see Table 8).

2. Welded diaphragm with -unprofiled cylindrical shrouds.

3. Ratio of stage diameter to height of nozzle cascade, d/t1 = 20.

4. The ratio of outlet (throat) areas of the moving and nozzle cascades,

1 .50-1.75.

5. Chords of cascade profiles: nozzle, bI = 52 mm;,-moving, b2  26 mm.

6. ThIcknesses of trailing edges of profiles:

A,,, = 0,6 -iu-- A ,. 0,5 u.u.

7. Overlap, 2.5-3.5 mm.

8. Shroud of moving cascade can be cylindrical, as well as conical, with an

increase of cascade height in the direction of steam flow. In last case, an

obligatory condition is the preservation of channel convergence.

9. The total axial clearance - the distance between the trailing edges of the

nozzle casc'ide and the leading edges of the moving cascade - 5-7 mm. Peripheral

staige sealing, i.e., the axial clearance between blade shroud and diaphragm (open

clearance), ba = I n; two radial seals above the shroud with clearance b Mm.

In this case there is no steam leakage through the root clearance.

In all deviations from the enumerated geometric characteristics the efficiency

can change, in consequence of which it is necessary to introduce corrections.

The correction kMe p .o introduced for meridional profiling of the nozzlen.

It js astumed LhaL the meridional conf'iguration is executed according t, the MEI

3 emeLhod and the recommendations given in this book. The area rate here chonges
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somewhat, sinice with the recommended minimun(
ago

permissible root reaction it is possible tc

lower the reaction on the mid-diameter.

When introducing meridional profiling,

"5 one should certainly consider the shift of the

minimum seetion into the region of the cross

section, as a result of which there will occur

a certain increase of the outlet area (see §

475 The correction for meridional profiling

::~. ~ kP is given depending upon the cascadewic
height ~and is represented in Fig. 294a. A

35 a~ iR Q4 05 0.55 ~6- correction is given there for flarekd1whc

Fi.23 Primary efficiency of indicates the dependence of efficiency on the
iDTBI single-wheel stages wit.1t d/1 ratio.:y cidrica L blading. i

A correction for deviation of the area ratio is not introduced, since it is

assumned thnt the optimum ratio P 2/F has been taken. However, the further change

of 41,i.. vron-idered -when calculating the reaction at the root and tip, and also

Lts ;Influcxi-e on evony, in correction., for the pressure ratio in the stage and,

fiLnal Jy, when comrputing the losses, with the outlet velocity.

Piiqxrc 21ib gives, corrections kb for the profile chord of the nozzle cascade

band] the mtoving cascade b, wihaealso given depending upon height. A

correet ion '-'or the chord or the nozzle cascado is introduced only for a cylindrical

meridional fonf iguratLion. For special mcridional profiling, it is assumed that the

chord b I.; selected in accordance with our recommienda tions.

Corrections k for the thickness of the trailing edge of the nozzleAA 1CP K

and the moving A~ cascades are given in Fig. 2911a.

Thue perf'ormance parameters, for which the graph of the primary efficiency non

was constructed In Fig. 293 have the following values:

I. Anje of entranco into nozzle cascade, a0 = 70-1J00

0. Prer~rure ratio in -Lage (with respect to stagnritton parameters at entrance),

P(1

3. FietLI~io uPynolds nimber, Re = bic /v 2  .05 , where c

is tihI~d 'or 'lit, entire stage drop depending on Lhe sLagnotion parameters; v2
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.0 Jil 401Sol so !70 awo,

-5 i . &Si
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a) b

Fig. 294. Correction factors are calculating the efficiency of-a single-wheel stage
with cylindrical blading: a) corrections for meridional profiling k.ep of nozzle
cascade, depending upon height 1,; for flare kd/1, depending upon d/1, and corrections
for thickness of trailing edge of nozzle k. Hp , and moving ka p 2 cascades; 1)
corrections for chord of nozzle kbl and moving kb2 cascade, depending upon--height.

For cascades of group "K," the increase in efficiency is considered by the upper
curve of ke p -

the kinematic viscosity of steam behind the stage; it is calculated for an isentropic

process of expansion.

4. Gas or superheated steam. 2

5. The -kinetic energy of the outlet velocity is completely lost. In case

of deviations of the performance parameters from the above-indicated, correction

factors are introduced.

If there occurs a change of the inlet angle of flow in the stage with a possible

off-design ratio u/cq of the preceding stage, the correction ka is introduced, which
a0

depends upon angle a 0 and the relative height of the no:zle cascade Z,/b, as shown

in Fig. 295.

It should be recalled that it is possible to avoid a decrease of stage economy

in this case by applying special profiles developed at MEI (see Chapter IV). Then

k "L also at small angles a O .

In case of a change of e = p',Po the correction k8 is introduced, which also

depends on the area ratio F 2 /F. and the ratio d/Z, as shown in Fig. 296. Here

P is the static pressure behind the moving cascade, while pO is the stagnation

S) pressure before the nozzle cascade.
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At low Re numbers less than 5-0 5, one should also introduce a correction

which will depend on 7,/b (see Fig. 295).

The following series of corrections is connected with the stage sealing. Over

both leakage and suction are possible the blade shroud. Tne, direction of flow may

be judged by means of the nomograph

g O 30 3.5 .0 (.$ 5.0 Re*10"'
too 60: -- 7 -*" represented in Fig. 297, where,

depending upon u/c-. F 2 /F,, and

4/ e-h d/1. , the auxiliary quantity A is

498 A! ,determined.

097"/ For stages with single meridional

-1, - profiliig, the quantity AM is determined
49.5 by the following formula: A, = A - 2.

9 Firther, Fig. 298 presents graphs

K• that show the magnitude of correction

Fi-. 295. Corrections for deviation of for efficiency, k y for suction
inlet conditions of nozzle cascade and Y
for Reynolds number ReD = bc/v 2 . and leakage, depending upon the

equivalent clearance, 6
6jire=B I

where ba and 5p are open axial and radial clearances, respectively; z is the number

of radial strips above the shroud.

SU4ge economy, in the event of leakage or suction in the root axial clearance,

ij al.,o Lowered. If suction takes place, then Fig. 299 is used to determine the

correction ky. H depending upon the relative percent of absorbed substance and

the root, reaxction p . If p H is not known from a preliminary calculation of the

stage, then for cyllndiieal blading it can be found by the following formula:

1.8
(?K = Q-1 !.8 + dl"

Tha *,lUtlty of absorbed steam (gas) should be determined according to the

leakage ba]ane.e in the stage, which'-wa covered in § 1,2.

Thv correction for leakage in the root clearance is calculated by the following

formu I',: t
ky., . 1I- -0,7 --
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MIThen, taking Into account all corrections, the relative blade efficiency of --

the zs.-e with complete loss of outlet velocity is calculated by the following

formula:

The order of substitution of the correction factors into this formula is

not of importance. [f the following stage uses the axial component of the outlet

velocity, the efficiency of the

3 3" 'I '1~ 1 \ gven stage, taking this utilization

- - - -
'  into account, is determined by the

" "following formula:

iss- tic li .08 OS 1.04 t0Z 1 , 1.5 14 5 1.7, 18 49 .r k.. is found from Fig. 300.
F 5g. 300. Correction kB.C with the use of For a determination of the
the axial component of the outlet velocity. relative internal efficiency, which

includes all losses in the stage, it is necessary to consider the losses due to

disk and shroud friction and the losses caused by leakage through the diaphragm

seal:

1hbese losves are calculated according to the material presented in § 12. For

stages that operate in a region of moist stage, one should consider the losses due

to moisture, which are determined according to the data in Chapter X.

A partial stage has the following features:

J. The optimum area ratio (F2/FI)onT is found according to the data in

2 28. A more exact 'raluc of (F/FI) O T should be found only for small deg.ees of

par tal admi ision.

2. The "trea P I is calculated for the reaction p = 3-8%. Rvcommendations on

the seLection of r, -tr presented in f 28.

3. Thr optimum velocity ratio u/e( is determined according to the data in

o0

4. !,eLtction of blade height, depending on degree of partial admission, is 4')
per'onred r,'cording to the data in § 30.
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0 5. When calculating the economy of a stage, it is necessary to add the

additional losses that are determined according to the data in § 28.

Example. We shall determine the dimensions of an intermediate stage and its

economy. The stage is combined with the other stages of the group. Given: nozzle

cascade TC-2A, d. = 0.928, a. .= 1 4 0 ; moving cascade TP-A, d = 0.9 2 5 m, 02  =

220301.

Steam flow rate, G = 102.8 kg/sec; stagnation parameters before nozzle cascade:

PO = 4.6 bar; v0 = 0.0661 m3/kg; pressure behind stage, P2 = 37.3 bar. Available

heat drop o!7 stage, depending on stagnation parameters, h0  52.2 kJ/kg. Turbine

speed n = 3000 rpm.

By means of formula (321) we find the outlet area of the nozzle cascade:
0 !

P, G251 cx.''0.661p, Ip- q

IHere it is ass.med that 4, = 0.97.

For calculating i -it is necessary to know- p. After assuming approximately

that 0 = d/1 = 27, we find P > 2 = 006.
wefidpH 2+e

Let us say that 1pH = 0.10. Then, by formula (322),

, =+Q(I - 0,85.,

where s = P2/po = 0.835; q = 0.940 (for s = 0.851).

By means of formula (327) or Fig. 292, we find 11 = 33.2 mm, d = 928.2 mm, and

a. 140251 after a more accurate determination.

Analogously, by means of formula (328) we calculate the area F2 = 430 cm2, after

assigning on overlap of At = 3 mm, arid consequently, assuming that 12 = 36.2 mm.F2 2

The area ratio 2 = 2-0 = 1.71 corresponds to the optimum value for stage
P1 251

HQ-2-3A (see Table II). We check the selected reaction on Fig. 50. It turns out

to be approximately equal to the value found earlier; therefore, it is not necessary

to find a more accurate value of area F.

Characteristics of moving cascade: d2 = 963.2 mm, 02 = 230 151.

Efficiency q., is Jetermined by means of the graphs of this paragraph. For

u/eq = 0.465 and Z, = 33.2 mm, we find ion = 0.859 on Fig. 293. Corrections for

chords and trailing edges can be determined if the dimensions of the profiles are

known. Let us assume that kb I and k = 1. The correction for flare is found

* ) in Fig. 2911a, where kd/Z = 1.003. The correction for the pressure ratio k=

= f(s, F2/F 1 , d/1) is found in Fig. 296, where k = 0.989. Since the Reynolds
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number is great, O

bj c# 0.045-324.5
Re - = 1,77-10 "

and lies in a self-similar region, then k = I
,Re-

Taking the magnitude of the equivalent clearance as 6,,= 0.64 m, in Fig.

297 -we find A = 3, and in Fig. 298a, ky~n = 0.997.

A'cording to the leakage balance in the stage, we calculate the quantity- of

AG
steam, absorbed through the root clearance, -=0.2% (the procedure for thic

calculation is given in § 12), and in Fig. 299 we find ky. H = 0.998.

Thus, the relative blade efficiency of the stage with complete loss of the

outlet velocity amounts to:

= 0,859-1,003-0.9890.997.0,998 = 0.847.

With the use of the axial component of the outlet velocity, in Fig. 300 we

find kBe = 1.0111 and the efficiency

1 I.0 1!0.847 = 0,882.

The losses due to disk friction are calculated by formula (83):

Dip= (\)' =0.014.
ud-

whore It is round in Fig. 65 at Re ud 8"107; the losses due to shroud friction,

0.O.001 [by means of formula (86)]. The losses due to leakage through the

diaphraf m seal amount to [see formula (88)]:

4y -p1 ~/ =.9I25. & F --- 0.97-25 0.882 = 0,0 f).

The equivalent area of the diaphragin seal clearance here will be:

2,55 c,.

The total relative internal efficiency of the stage:

1J4~ghO, p~tpO~.g0,858.

4 18. D0IJILE-WiIME VELOCITY STAGES

Tih aroa of' 1.1u. outlet section of the nozzle rcade is' found by the following

foi'uI U ( ! " .;uperlheated L mlf) : (-
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o)F1  , (329)

where pO and v0 are the parameters in front of the stage; q is the relative flow

rate, which is determined from gas-dynamic tables, depending upon the pressure

ratio in the cascade, e, = PL/Po. For critical flow, q = I.

The reaction of an lEI velocity stage, when selecting the area ratio, according

to the data presented in Chapter V, for subcritical flow, can be estimated on the

graph in Fig. 301 for determination of F1, depending upon u/cd,, eu, and partial

admission e:

Then = S + Zp(I - e), where s = p2/po is the pressure ratio of the entire

stage.

For the selected type of stage at the known magnitude of angle a., we find:

ell F, (330)
31 sm ul

We select, the degree of partial admission e, and cbnsequently, the height I..

according to the data in § 30, taking into account the requirements of reliability,

design, and unification.

The dimensions of the separate cascades are determined according to the data tn

Chapter V.

The blade efficiency ijO of an MEl velocity stage can be determined by means

of generalized graphs [104] constructed on the basis of experimental data and

theoretical calculations prcsented in the preceding chapters of this book. These

graphs are constructed for three combinations

of velocity stages developed at MEI: KC-OA,

1-0-3 {C-IA, and IC-1B. The basic geometric char-

- , acteristics of these stages are given in

0.10 Cr-h.- ". - Capter V.

. . The relative blade efficiency nO is the

----7* stage efficiency with full input and it con-

0L .siders the following losses:

Fig. 30i. Graph for estimating 1. Losses in all cascades, including

_ ) the total reaction of an MEI those at the entrance to the cascades.
double-wheel velocity stage (for t
calculating the Area V,). 2. Losses in clearances between cascades.
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3. Losses due to leakages past the cascade channels into the clearances above

the shrouds of the rotor blades and under the shroud of the rotor cascade.

4. Lo.ses with the outlet velocity.

Thus, not considered here are the losses due to disk and shroud friction,

losses due to leakage through relief holes and end seals, and losses connected with

partial input.

The stage efficiency 71  is found as the product of the primary efficiency
£on

IOa times a series of correction factors:

'la = rk.,Pkk.3A,kt.kk1kd. (331)

The order of substitution of the correction factors into formula (331) is

of no importance.

The pr*imary efficiency 0~o is determined In Fig. 302,* depending upon u/ce.

and the height of the nozzle cascade 1 ." Here c = 2 is the fictitious velocity

'! calculated for the entire available heat drop of the stage.

The graph in Fig. 302 was constructed for the following conditions: 1. Pressure

ratio in stage, s = p 2 /po = 0.55-0.65.

2. Reynolds number, Re= bic/ 2 > 5-10
5, wher- v is the kinematic viscosity

with respect to the stage behind the stage.

3. Welded diaphragm nozzle cascade without special meridional profiling.

4. Diameter of stage, d = 600 mm.

5. Chords of profiles:

b, = 52 v.t; b, = b = b,p = 26 Am.

6. Trailing edge thtcknesses:

A = 0,6 mm; A = A' = 0,5 ,LU.

7. Total axial clearance, i.e., the distance between the trailing edges of the

bl'ides and the leading edges of the following cascade, is 4-7 mm. The peripheral

stage oealing, i.e., the open axial clearance between the blade shroud and diaphragm,

o.: t I m, and s-pecial seals above the blade shroud (see Fig. 117). There

L:: no l,.-tage through the root clearance between the diaphragm and the wheel.

For all deviations i'rom the indicated ,tage characteristics, the efficiency

!eSe rootnote on p. 198. (
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can change; then corrections should be

'- introduced.

AM The correction kme is introduced

for meridional profiling of the nozzles.

It is assumed that the meridional con-

figuration is executed according to the

Ml.I method and the recomendations given

above. When introducing meridional

- - .- -profiling, one should certainly consider

15 -. the shift of the minimum section into

the region of the cross section and, as

a result of this, the certain increase

of the outlet area of the nozzle cascade

(see p. 111)

M1 415 V The correction for meridional

-: ,profiling k~e is shown in Fig. 294;
Fig. 302. Primary efficiency -q of pep

double-wheel velocity stages, depending in this case, kMe- h
upon u/cp and different nozzle cascade P

heights V .9 k lewheel (For cascades of

group "K" the upper curve should be used.)

Figure 303 gives the correction for the stage diameter, kA, depending upon

height I Here the dotted line indicates the curves of k for ganged nozzles

with straight bounding walls.

The correction for profile

.. 1 5|- chord, kb, is found as the product

of the iorrections referred to all

cascades:

ko k. kbk,,, p
too.o.-. 600 700 OCO lop iM

,, each of which depends upon the1 -;.... .- magnitude of chord of the given

Pig. 503. Correction Yor diameter kA (for cascade and the height of the nozzle
(ealculating the efficiency of a double-wheel
velocity stage). Curves: - (solid) - cascade I1 according to Fig. 304.
for nozzle cascades with cylindrical bound-
ing walls; - -- (dotted) - for ganged For meridional profiling, within
nozzles with straight bounding walls.
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tJhe limit:: of the chord value,

71/11<b,< 15 V(I 1, in mm)

the correction kb1 = 1.

The correction for thickness of the trailing edge of the profile, which is

shown in Fig. 304, is found in a similar manner.

k41&, =k , k k .
g~p Ap A;p

DIasmuch as each of the recommended velocity-stage combinations is designed

for a definite pressure ratio, e a noticeable deviation from E brings about

a corresponding change of

F-7 - stage efficiency; therefore,

Fig.. 305 represents a graph

S.0 g___b 6 1 for the correction factor

For deviation of the

open axial and radial

shroud clearances, one

Fig. 304. Corrections for cascade chord kb and should introduce a correction

thickness of trailing edge of profile kAR p  that considers the change

of parasitic leakages. Since

the influenvc of leakages over the blades of the second wheel is small, and upon

observance of one or1 the requirements - minimum open clearance to 2 mm or radial

seal with - learanve to 1 mm - the stage efficiency practically does not change, the

influence of leakages only past the first moving and rotor cascades is considered:

k = kylky.

For determination of the coefficient k y , in Fig. 306 we preliminarily find

the auxiliary quantity A, which is connected with the reaction of the stage at

the tip. Drpending upon the sign of A, a further determination of ky I is performed

by means of Fig. 307 or 308.

The coefficient k y is found in Fig. .07 for leakage, and in Fig. 308 for

suc tion, deponding upon the equivalent clearance:

a F_1.5 (9y 510jy 2'

~-5io-
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(where 6 is the open axial clearance; 6 is the
~I) -lat

*usl radial shroud clearance; z is the number of

~ sealing bands above the shroud), and also depending
.~C-

- - upon the height of the nozzle cascadeI

093 If the nozzle cascade has single meridional

lot- profiling, the value of A,, = A - 2, shoulZ be usedj

- where A "is found by means of the nomograph -in
1? I. - Fig. 3o6. For milled and ganged nozzles without

F ] 44meridiorail profiling, but with straight bonding

1{C-1A~ AA1

0. 3 47 c -'V The loss due to l~akage past the rotor

Fig.305.Corrctio forblades is considered by the coefficient -k -

pressure ratio k *which is found by the following formula:

k6,, 1,003 -0,Kl3 ,(inmm).

For leakage or suction in the root clearance between the- nozsle1 and first

moving cascades we calculate the correction k *, First, according to the leakage

balance, we determine the direction of flow in this clearance. If leakage, takes-

place, the correction factor is found by the following formula:

where G Is the amount of leakage through the root clearance:

G is the total flow rate through the stage.

Loakagse over Suction over
blade -;hroud blade shroud
or' the ist dicei of the 1st %heel

5543 1 0I-Z3~'v4 1. 1.

Fig. 306. Auxiliary graph for determnin-ing corrections-o for steam Leakage or suction over the shroud oC the

Ist Wheel.



15. IM

V z I V/J 9 9 4 96 0 4 S i s0 I'?Ko

Fig. 307. Correction for stean leakag- over blade
shroud of 1st wheel.

In the case of suction, for want of special experiments with velocity stages,

it ia necez.;:try to use an analogous graph, which was obtained for a single-wheel stage

and is shown in Fig. 299.

-- ~- f ' 6

Fig. 308. Correction for steam suction over blade
shroud of 1 st~ wheal.

lieruo. o~wLin p ,which is necessary for calculation of G.~,cnb

os Liml ted by Wie L'o I owing F'ornu Ia:
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Here x = I is for conventional blading; X = 0.5 is for single meridional

profiling; x = 0.75 is for ganged and milled nozzles with straight bounding walls,

e = d/ 1

Then, taking ali corrections into account, the relative blade efficiency of

the stage with complete loss of the kinetic energy of the outlet velocity is

calculated by means of formula (331).

For a determination of the relative internal efficiency, which includes all

losses in a velocity stage with full input, it is necessary to consider the losses

due to disk and shroud friction:

not = 7
1 

- CrP.

These losses are calculated according to the data in § 12.

For a partial zta~e, one should use the materials in § 30, which make it

possible to select optimum stage characteristics. The additional losses connected

with partial input are calculated according to the data in § 29-

§ 49. MODEL STAGES WITH VARIABLE BLADING

For small d/1 ratios, cylindrical blading cannot ensure a high stage efficiency;

therefore, variable b~ading is employed. In practice, it is frequently necessary

to reject cylindrical blading when d/z < i0-6. For stages where the velocities

no not exceed critical in none of the sections of both the nozzle and moving

cascades, it is poosible to employ combinations that have been tried out beforehand

and are suitable for use in a wide range of variation of geometric characteristics.

For stages where in separate sections there appear high : upersonic velocities, it

is difficult to provide universal combinations, and here, as a rule, it is necessary

to use the recommendations made in Chapter VIII.

We shall consider the recommended combinations, their calculation, and graphs

for determining their economy.

Stages with a Cylindrical Nozzle Cascade and Variable

Rotor Blade (see Chapter VII)

These stages can perform quite effectively when d/1 > 5; in an extreme case,

the velocities should not essentially exceed the critical values (to Mit < 1.1).

However, with a certain lowering of economy, it is permissible to employ such

stages to d/z 4. These stages have MEI nozzle cascades: TC-1A, TC-2A, and TC-3A.
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It' t. ]*1v tv anld r,;t.lvt c t art- in the root ::ection of the nozzle ca::'ade,

then in the current ueetion it is possible to approximately consider that

and in the middle section

where (3 = d1 /1 1 .

The twisted rotor blade is formed from standard profiles.

In thi, case the considered combinations will have the designations H3-i-A,

}{-2-A, and 1(3-,3-A.

The stages were designed under the following conditions:

I. The conditions of entrance to the moving cascade were determined by the

simplified equation of radial equilibrium in the interblade clearance.

2. The ratio areas of the moving and nozzle cascades ensures a positive

reaction in the root section at e = L 0.75 and 0.45, i.e., when (u/cc)cp

. 45- .

3. Approximate constancy of the flow rate between similar sections (streamns)
6

of the nozzle and moving cascades.

The flow area of stages 13-1-A, 13-2-A, and 1(3-.-A is shown in Fig. 309.

The results of the calculation of stages of group R3 are given on the graphs

in FLjz. 310-315. These graphs were conistructed in the following way. The

reaction was determined by the fo.ILowing formula:

1--__ exp 2cP kl'dr

lVor the, ,'aLeulation of p and F/F 1 we used velocity and flow rate coefficients

with a variabLe value of height.

xII(re "rad ,ubiseqikenf Ly in the caliulations for subsonic velocit es. a4 and 0.
impLy the e t'I'ec t Ive -tngl eo. C ()
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The dependence F2/F1 = f(r/r.), which is represented ii these graphs,

char, terize s the ratio of areas of the elementary sections. If it is necessary

to determine the F2/I ratio of the entire stage, the calculations should be

performed by means of the following formula:

- j(FtIFj)dr

(F/Fit - -,1

The results of the given calculation arc showm in the graphs of Figs. 310,

312, and 314. The dependences of angles a, 131 13 and a2 for all these combinations-

are shown on the graphs of Figs. 311, 313, and 315. For performing the calculations

of angles 2 it was assumed that 121_ = 1.06.

The results of the calculation show that only at the tip of the nozzle cascades

with 4he maximum ratio for these stages, d/Z - 5, angle a1 somewhat exceeds the

optijnum values obtained in static tests. Inasmuch as practically along the entire

height it is possible to ensure optimum values of relative pitch, it is obvious

that the flow around the entire cascade will occur with small profile losses.

The calculated angle P, corresponds to optimum conditions of entrance to the

moving cascade and in the direction towards the blade tip it increases at e = 5 to

f 9oo.

Angle p.2 changes very little, and decreases from root to tip. In the root

section, at zero reaction p. = 0, angles I and 02 will be practically equal.

During the designing, a large value was given to the observance of an

approximately axial outlet along the entire height of the stage. As can be seen

from the graphs, in all three combination- the deviations of angle a2 from 900 in

H0in extreme cise does not exceed 5°. The change of angle a2 with respect to height

and, in particular, the certain increase of it at the root, is connected with the

larger losses in the root sections.

The axiil outlet shows that there is .o swirling of the flow behind the stage,

and it peirtlt a better use of the outlet energy in the next stage.

Everyting oaid above permits us to make a conclusion concerning the high

economy of the developed combinatLono, which (wlihin limits to e a 5) almost does

not depend on d/1

The 'alcu'lated graphs o1' FIgs. 310-315 were construcLed for a stage pressure ( )
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ratio of e - 0.75 and (u/c). = 0.45.

For other values of e and u/ch there will be a different reaction and other

angles 3, and a 2 .

Figure 316 shows the dependence of the root reaction on e and

When u/c is not equal, to the calculated value that is shown in Figs. 310,

312, 313, 314, and 315, the change of the mean reaction is found by means of

formulas of variable conditions. It should-be borne in

mind that in formula (73) for the periphery when 0 < 3,

the coefficient A < 0, and (p. -p,-) in all cases

- decreases with the increase of u/cd.

- The flow rate can be determined in first approximation

L by means of the continuity equation for the mid-radius.

8%8 Detailed calculations show that for an incompressible

fluid (e - 1), the flow rate determined for the middle

section Gcp practically coincides with the flow rate

determined for the sum of the flow rates of separate

Fig. 316. Root reaction streams. It is true that this is valid only for a

P. in type 1(3-A stages, calculation that is performed as in this chapter, i.e.,
depending upon s = PP()

and (u/c ) )u" by means of the simplified equation of radial equilibrium

and the hypothesis of coaxial cylindrical flow surfaces.

Furthermore, the certain decrease of the actual flow rate due to the lowered

jflow rate coefficients on the bounding walls of the channels is not considered.
Disregard of this last factor gives an error of less than 1%, and it is usually

permissible. If, as done for the construction of the calculated graphs of this

paragraph, we take a somewhat decreased mean value of g, the error will be

insignificant.

With the increase of the heat drop of the stage, i.e., with the decrease of

e = p 2 /Po, the flow rate calculated for the middle section will be somewhat less

than the flow rate obtained by integration with respect to the radius.

This deviation can always be taken into account by using the data for s = 0.55

and 0 = 5, in which the integral flow rate will exceed the mean value by 4%; for

the same value of c and 0 = 8 this difference amounts to a total of 1%.

11' the parameters and dimensions of the root section are given, for an

approximate calculation of the flow rate it is possible to use the following fomula:
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where

t) 2x"(x-- 1)t -. "11 --1 ( x

n qcoS2a,.

Formula (332) is useful for s - e.

Figure 317 illustrates the dependence 0 = 4(rcp/r , s) for n 0.9.

The efficiency of a model stage with complete loss of the outlet -velocity is

determined by means of generalized graphs. The relative efficiency of stage

1t3-IA, 1o, f(u/cb ; 19, is shown in Fig. 318. Here the stage dimensions are

taken from Fig. 309, and the nozzle cascade is of type TC-iA.

470,

0700

065

0607

055 

nil

4400. 40 445 050 055 060 6S E.

; 05- IIZgn

O.5 IFig. 318. Relative blade effi-
ciency of stage I3-IA with

Fig. 317. Coeffixlent cylindrical nozzle cascade and
(I Cur determining the helical moving blades, dependingfhow rate through type upon u/c 4) and Z,; for the ratio

/3-A a t d/I = 8, z2/z = 1.06, 6 = P2/PO =
0). 0.75, and Req= bicq/7v2 > 5.10g.

W(- further introduce a series of corr tions.

1. Calculation of the applied blading - coefficient kCT. For a stage with a

TC-1A .%:,;-do, coefficient kCT = 1, and for stages with TC-2A and TC-3A cascades,

coeffl'ninltV, CI ivn in Fig. 319 depending on d/ZV.
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A decrease in efficiency upon transition to stales No. 2 and No. 3 does not

mean that these stages are less effective. Conversely, with the use of the outlet

velocity, the most effective stage is No. 3,

, L ii.1. 1and the least economic is stage No. i. A

11 - t H 6 7 8 IN , decrease of T. upon transition to larger

I - -1A angles a I is connected with the corresponding

08 -2A increase of losses with the outleL velocity.

_ _ 2. The influence of d/1 shows up on the

S- A stage efficiency in connection with the increase

-- - - -of p at the tip and the increase of leakages*1.,.;os

over the rotor blades. Furthermore, for

9 - - -small d/1, the nozzle cascade in the upper

4. .. sections has angles a, and relative pitch T

-91 which go beyond the optimum zone; therefore,

456 the correction factor kd/i is introduced.

Fig. 319. Correction for calcu-
lation of relative blade effi- With the decrease of d/Z the mean reaction
ciency of a stage (with complete
loss of outlet velocity) qoM for of the stage increases, and consequently,

various forms of blading. the optimum value of the velocity ratio u/c

also increases. The dependence of (u/c )OnT on d/1, and Z, is represented in

Fig. 320. A graph of the correction°kd/1, depending upon u/c q, is given in Fig.

321, whereby in this case the base is (u/CW )onT  for 0 8, which is represented on

the graphs of Figs. 318 and 320. Here

.... , 1 ----..... the height lI affects (u/CW )onT due

__- -- .. to change of end losses and leakages.

I d. l"- - - It should be borne in mind that with

d,' -- 'dl- the decrease of d/1 for the given

-- .. -._ 0C'"'- geometric characteristics of the root

a"0'.i dir._ r8| section, the middle angle a1 increases,

which leads to an increase of outlet

0 $0 /00 150 zoo z50 I losses and to a decrease of

Fig. 320. Optimum velocity ratio (for correspondingly.
- efficiency with complete loss of

outlet velocity) depending upon the ratio 3. The correction factor kE for

d/7. and 1 (for P 0-0.05). the pressure ratio, e = p2/pO, is

found from Fig. 322.
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4 Z 5 of 47 C'

(SC~ L.JP,
Fig. 321. Correction kd/i (with com- Fig. 322. Correction factor k5 thatoutlet velocity) depend- considers the influence of pressure
plete loss of ratiot veoiy dep/enndffcinc-
ing upon d/Z1 and the change of the r = P2/ Oonefficiency oi

U/C. ratios to (u/CCD)onT at d/L1 = 8. (at p 0 - 0) and (u/C)OnT

4. The correction factor kRe' which considers the influence of the fictitious

Reynolds number, Re = blc/ 2 , is shown in Fig. 295.

5. The correction for leakage over the rotor blades is introduced by the

coefx'icient ky ; for the case of a shrouded moving cascade, the correction is

:ound on th, graphs of Figs. 291-300, and for unshrouded rotor blades, in Fig. 323.

Fur simplification of the calculation we do not introduce corrections for uction

(or leakage) in the root clearance (which is found on the graphs of Figs. 293-300),

for the change of chords and trailing

1.0?2---- - i edges determined by the data in Chapter

0o- tIV, 'and others. Furthermore, the00o a z Z401 ,

. 0 1, interdependence of a number of corrections

is not considered here. As a result,

---- -- -the relative blade efficiency of a stage

with complete loss of kinetic energy of

the outlet velocity, ion is found as

09, . -. - the product
FLg. 32.3. Correctlon for leakage k

dcpending upon br/I I for an unshrouded tL,= o,k,.kdk1zkLIUcky.
st-rge (O, v, 0 and(/eFor

It -hould be noted thatL the effeiiency calculated in this way gives the mean

value, .:in(, in re liLy the efficiency depends on such unaccounted for factors as

the m,,rldi ml WI(nt'iur tLion, the quality and technology of manufacture, etc. ()
L 1.,o ru ton ot' th, ecionomy graphs in the given paragraph wis based on the
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SV :.:frluiental -nd theoretir:ai works of a number of organizations and on literary

Example of the ::election and calculation of a model stage.

We shall calculate an intermediate-pressure stage of a large steam turbine.

The stagnation pressure before the stage is PO = 5.85 bar, the pressure behind

the stage is p2 = 14.36 bar, and the specific volume of steam behind the staSe (for

an isentropic process of expansion) is v2t = 0.465 m3/kg. The steam flow rate is

G = 138.7 kg/sec; n = 3000 rpm. The stage is one of the stages of a group, where

the combination K3-2A is selected with a. . = 1 3° and d,, 1.010 m.

We find the ratio r./r. by the following formula:

2.isinu3s# r2q

for

h--0.744:

According to Fig. 316, pH - 0. Consequently, v. E v2"

By means of the formula for G, assuming that g, = 0.97, we find 4' = 0.522, and

according to Fig. 317 we determine rcp/rH = 1.2. Consequently, d/i = 6, dcp

= 1.212 m, and 1= 202 mm.

From Fig. 313 we determine the basic characteristics of the stage.

For r ,, 0 for r , Q 0.27; forr. Q r 0.44;
a 1 - 13°; " 5.4; at - 17,9';

250; 40'; 75'
P2 'I P 2 2V5';a - 92.5'; ( 891; 90.5'.

We sh51l determine the economy of the stage.

Knowing I = 2>02 I= and (uNc)), from Fig. 318 we first find =0a! 0.905.

Inasmueh as the stage 113-2A is applied, from Fig. 319 for 0 - 6 we find kCT

= 0.987.

'l) optimum ratio (u/Cq)OlM for 0 = 8 and Z1 = 20P mm, according to Fig. 520,

. ,,,,,,lnt.. to (u/c )MV]

Tlen [or 0.98') and o = 6, rom Fig. 31. the correction kd/ ,
(ucd)) onr

0.988, the correction k 1, and a1.,o k,, .

.,.) We i.Lnd the vorrection for leakage over the shroud:

-521-



|1

On the basis of design considerations, we assume that 6a 3 m, 6 = 2 mm,

and z - 2. Then

]If /4 ' .5.2 .

For c= 1.55 (Fig. 312) and u/cdi 0.541 and e = 6 (Fig. 297), we find A

=-6.5, and for (kY - i) 1 = -0.45 mm (Fig. 298a). Then ky Y 1.

Thus:

- jd€.kc t-=kdikkV =.9 O.0. .. 9 -*...- =:U.

If necessary, one should consider the losses due to friction of the disk and

shroud, the leakage through the diaphragm seals, the leakage or suction in the

root clearance, and also the change in efficiency caused by other dimensions of

the chords, edges, meridional contour of the flow area, wire connections, etc.

If the given stage is an intermediate one, it is possible to calculate

efticiency with the use of the outlet velocity taken into account. For this we find

the velocity w2 , using the continuity equation

93 --- -182 x/sec,

where

F, = ndcp1..l411 sin PsP.

Inasmuch as a2  90, c 2 = c2 a = w2 sin 0 2 = 71 m/sec.

We shall obtain the efficiency with the use of the outlet velocity:

= - 4.) =0.920.
i , -

It should be noted that the obtained value of q o4 Is not the maximum

accessible one, since the economy graphs were constructed with a reserve that

considers the actuaL conditions of manufacture and assembly of the blades.

Stages with Constant Angle a.

Stages with constant, :mgl.e a1 require twisting of the nozzle cascade, i.e., __)
S nozzle blades, of variable profile. The condition of a. const may be ensured by
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various methods of profiling; however, as a rule, it is preferable that all sections

have the same profile and the same cascade, differing only by their absolute dimen-

sions. For this it is necessary that the profile chord, and consequently, also

all the remaining dimensions, be increased from root to tip in proportion to the

radius. This method of nozzle blade profiling makes jJ possible to have a constant

optimum value of relative pitch in all sections, i.e., the main advantage of a

stage with a, = const, as compared to a stage having constant profiles of the nozzle

blade.

Another advantage of a cascade with aI = const and t = const is the possibility

of using cascades that have been tried out in static conditions in all sections.

For creation of a stage with a, = const and = const, any nozzle cascade can

be used. This chapter presents calculatiors of E. stage with three nozzle cascades:

a. = 100, a1 = 200, and a, = 300. The cascade with a. = 100 can be recommended

only in exceptional cases, Since- mall angles a are not only unfavorable for the

nozzle cascade itself, but also lead to very small angles 02. The moving cascade

of such a stage should have a very large deflection of flow in the root section and

unfavorable characteristics in the upper section (thus, for e = 3, 02 = 90 in the

upper section).

It follows from this that detailed calculations are conducted for cases only

at a1 = 200 and a1 = 300. The results of these calculations are represented in

Fig. 324.

t---t. A--. -
IN-

a(1t of -, , , nd2

- ~~7 - - I7 -.
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t6 1E .0 7 1.00o 4F 1? 0 16 15 f.10 a) r4b) :

Fig. 3524. Behavior of a stage with a, const, depending upon relative
radius: a) velocity ratio u/c( , area ratio F./F,, and reaction p; b)
angles of flow a,, IPii a., and 02
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The principle of the calculation of stages with a = const is the same as for (_)
stages with cylindrical nozzle blades.

The stages were calculated for up to e = 3. Calculation data of the stage:

pressure ratio e = P/Po = 0.65- (u/cj), - 0.4; pK = 0.05. Conversion to

other conditions is performed Just as for stages with cylindrical nozzle blades.

The reaction of the stage is calculated by the following formula:

1 - Q = (1 - Q (r/r~~-2 co ' I.

Although the stage calculation assumed different values of 9 with respect to

blade height, the reaction can be determined by using the averaged value of p.

With regard to design characteristics, both stages have p> and angle a2

in the root section, and the blades are almost constantly straignt along the entire

he!ght.

For an estimate of the economy of stages with a, = const it is possible to use

the Graphs in Figs. 318 and 322. For the transition from Fig. 318 to stages with

ea, = const, curves are constructed in Fig. 319. These curves consider the magnitude

of losses with the outlet velocity, which depends on a1 and p P, and also the

drcrease of the profile and end losses upon transition to a larger angle a,.

The selection of optimum (u/C~onT can be performed by using the curves on

FiG. 320. It should be taken into account that for the given (u/cn)OnT the stage

will have the highest efficiency

with a complete loss of the outlet

A- velocity. If the outlet velocity

-! is used in the following stage or

c .7 in a specially installed diffuser,

.? . .... ' t9 20 rA the magnitude of the optimum

Fu velocity ratio increases, especially

Fig. 325. Flow rate through stage, as com- at large angles ai. However, the

.ared to the flow rate calculated foV themniddle section fur stages with aI. const, curve of the dependenc Tj on

= f(u/c ) is very linear in a wide range of variation of u/c .

The steam (gas) flow through the stage can be calculated for the middle section

with hLgh accuracy. If' it is necessary to find a more accurate value of the flow rate,

the curves in Fig. 325 shoulu be used; they were obtained by inbegration of the flow

rate with respect to the radius. As can be seen from the graph, the biggest error
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at = 20° , 0.55, and r./r. 2 (0 = 3) amqunts to a total of 5.2%. However,

it should be stressed that this pertains only to a stage that is calculated by

means of the simplified equation of radial equilibrium with coaxial cylindrical

fgow surfaces. For the changes of the flow rate for an actual three-dimensional

flow, see 4 15.
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CHAPTER X

INFLUENCE OF MOISTURE ON THE CHARACTERISTICS OF TURBINE STAGES

§ 50. SOME PROPERTIES OF VNE FLOW OF MOIST STEAM IN THE
FLOW AREA OF A STAGE

A!' it is known, moisture has a negative effect on the performance of a turbine

stne; it causes a lowering of efficiency and erosion of the blading. Additional

losses of energy in a stage that is operating with moist steam appear due to:

a) the shock braking influence of water drops on the rotor blades;

b) the decrease of the mass of steam (due to condensation) which develops

effective performance on the wheel;

e) the change in shape of the nozzle and rotor blades imder the influence of

erosion, i.e., mechanical destruction of the blades;

d) the appearance of condensing (thermal) shocks which provoke additional

wave losses ("irreversibility" losses of the process);

e) the redistribution of parameters (velocities, pressures, and others) in the

vane channels in the clearance and behind the stage, as compared to the calculation

for dry steam;

f) the different direction of the velocity vectors of the water and steam in

absolute and relative motion, which leads to swirling of the main flow;

g) the expenditure of part of the steam energy for acceleration of water drops,

whose velocity, as a rule, is less than the steam velocity.

The difticulties of investigating the enumerated factors are caused by the fact

that during motion of moist steam with high velocities, the steam is supercooled,

the dirperrive ability of' the moisture changes, the thermodynamic interaction of steam

and moi.Lure rind nonunifority of the distribution of moisture is observed in the
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section of the flow, which is increased by the various degrees or dispersion.

Such an analysis should be based essentially on the results of a detailed

investigation of the thermo- and gas-dynamic regularities of flow of moict z¢eam,

which are nonexistant at the present time. Corresponding experimental investigations

are hampered by the absence of reliable meters of local moisture and other measuring

equipment, and also the procedure employed in the experiments.

Below we shall consider some theoretical results that are based on simplified

flow diagrams of moist steLn, and the results of an experimental investigation of

the elements of a flow area and, turbine stages which were obtained in a number of

laboratories.

The elimination of moisture in a flow of partially condensed steam can occur

in two ways:

a) as a result of continuous and uniform condensation of steam due to a

constant increase of the dimensions of the drops;

b) due to condensing shocks.

Both mechanisms of condensation are carried out depending upon moisture: vlocity

(14 number), and velocity gradient along- the flow.

In a sufficiently prolonged process (low speeds and velocity gradients) we

find the first, and in a short process, chiefly the second form of condensation.

As experiments shpw, both forms of condensation can exist jointly at high

velocities.

The formatlon of drops in the flow, their development, and intensification is

a complicated thermo- and gas-dynamic process which has been little studied up

to now. The kinetics of the phase transitions in a steam flow in the minimum

necessary volume is not considered, which naturally hampers an analysis of the basic

properties of the flow or moist steam in the flow area of a turbine.

The essential features of the process of condensation in moving steam* are:

1) supercooling of steam, which is expressed in the fact that its temperature

In the process of expansion (acceleration) fiom the saturation state or slight

overheating, and also at the initial moisture content, attains values that are

lower than the saturation temperature which corresponds to the pressure at the

end of expansion;

2) Polydispersity of the liquid phase after the beginning condensat,.on, which

*In a metastable system.
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can exist in the form of small and large drops, and also in the form of a film on

the channel boundaries.

Let us first consider the motion of moist steam in a turbine stage with a

small degree of moisture content, assuming that steam expansion starts in a zone

of slight overheating near the upper boundary curve. The process of expansion for

this case is depicted in Fig. 326. The stage of absolute stagnation before the nozzle

cascade is depicted by point 0; the process of actual expansion in a nozzle cascade

corresponds to line 0-i, and in a moving cascade, line i-2. The stagnation

parameters in relative motion at the entrance to the moving cascade can be found

at point 0'.

The actual picture of expansion in a stage essentially differs from that

depicted in Fig. 326. The steam, expanding in the nozzle cascade, intersects the

boundary curve without condensation, since a drop

in the steam volume cannot appear without an essential

0' P fw disturbance of the equilibrium between the liquid and

i. 0. vapor phases. Consequently, the steam will be super-

cooled at the nozzle cascade exi .The magnitud -of

A. supercooling, AT = T - T (T is the saturation
11 HL. proces temperature at the given pressure p,, T is the actual

Fg. 326.Thermalerature behind the nozzle cascade), depends on

of a turbine stage in an
.-- diagra,., with steam a large number of factors. Theoretical analysis and
expansion from a region of
slight overheating. experimental data show that AT can be determined by

the following formula:

(A)1 = K, (333)

where r is the time necessary for passage of a vapor particle from the saturation
state (see point N on Fig. 326) to the beginning of condensation;

K is a constant that is equal to K = 9360 sec (°K) for air.

Figure 327 shows the dependence of AT on r, which i.s calculated according

to 'ormula (U33). Experimental points are plotted there for moist air; they were

obtained by Wegener and Smelt.

It should be emphasized that T depends on the flow rate and the longitudinal

gradient of velocity (or pressure), i.e.,
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IIt is obvious that the magnitude of supercooling also depends on the velocity
and the longitudinal velocity gradient. Consequently, from equation (333) we can

disregard - and express supercooling in the following manner:

AT - (. A).

The existence of the dependence of AT on the velocity gradient is confirmed

by numerous experiments that reveal considerable supercooling of steam in nozzles.

Experiments have established a connection between the steam rate and the rate of

condensation and supercooling. It is obvious that the lower the rate of con-

densation as compared to the change of the flow rate, the greater the supercooling.

The theory of phase transitions considers processes of condensation that

occur in a stationary medium. Let us consider certain relationships that characterize

the condensation of stationary steam. In this case
4e

240' - , the magnitude of supercooling can be determined
200 

by Ya. I. Frenkel's formula [116]:

-1-- ... T AT= O , -(334)

010-----__ where a is the surface tension; v. is the molecular

0 2' 40 #0it 100 'C volume of the liquid phase; r is the latent heat

Fig. 327. Dependence of of vaporization; diameter of
steam supercooling AT on

expansion time in nozzle
T according to V. Kantorovich;
experimental points were The
obtained by Wegener and Smelt. quantity d determines the size of these

droplets, which are in thermodynamic equilibrium

with the vapor phase. If d K dH ' the droplets will evaporate, since the vapor will

not be saturated with respect to such small droplets. When dE > dH, the droplets

will develop due to vapor condensation on their surfaces.

The critical diameter of a stably behaving (not evaporating) droplet is

determined from the condition of equilibrium of the forces acting on the droplet

(forces of static vapor pressure, gravitational forces, and forces of surface tension).

In accordance with L. I. Degtyarev's data [21], the critical diameter of

a droplet will be:

U 4e'p-59
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where v' and v" are the specific volumes in the beginning and at the end of expan-
sion;

p" and p, are the pressures at the end of expansion and saturation.

Consequently, d. depends on the pressure of the medium and the magnitude of

supercooling. With the increase of pressure and the decrease of supercooling AT,

dK increases.

In the initial period of condensation, when the droplets have small dimensions

(dK  d*), the relation between the length of the free path of the molecules and

the droplet diameter has an important value [1!63:

Lid.

where L is the length.of the free path;- R- is the gas constant; ti is the coefficient

of dynamic viscosity.

When L/d >> 1, the rate of condensation is determined by Ya. I. Frenkel's

formula [116]:

Y . (335)

Here V is the number of droplets in a mass of vapor containing z molecules

per unit time; j is the number of molecules in incipient form; m Z is the mass of

a molecule; k is the Boltzmann constant; p. is the saturation pressure.

It follows from formula (335) that the rate of condensation depends very strongly

or, the magnitude of supercooling; with the increase of AT, the rate V sharply

increases.*

When considering the process of condensation in a vapor flow, it is necessary

to consider the aerodynamic features of the flow spectrum. In the initial period

of condensation, when the droplets have small dimensions (finely-dispersed moisture

structure), the velocities of the vapor and the droplets are close. In this case

the droplets are centers of condensation, which leads a gradual increase of their

mass and dimensions.

The increase of the droplet diameter in this stage of condensation (L/d. >> i)

•xn connection with the difficulty of an exact determination of surface tension
a, the accuracy of formula (335) and the others is low.
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can be determined by the following formula:*

dj , -1 V ,_ (336)
4a

or by Oswatitsch's formula for rarefied gases [i149]:

Here T. is the surface temperature of a droplet.

Gradually, as the mass and dimensions increase, the droplets start to lag

behind the vapor phase and are enveloped by the steam flow; therefore, the mechanism

of condensation essentially changes. Further enlargement of separately considered

droplets occurs under the influence of the peculiarities of the spectrum of the

aerodynamic flow around the droplets.

The difference in the vapor and droplet velocities leads to a flow around the

droplets, which are then deformed, taking on the shape of a streamlined body (body

of minimum resistance).

Along the surface of a droplet there takes place a nonuniform distribution of

velocities, pressures, and temperatures. On the lateral surface, where the pressure

and temperature of the steam will be lower than in the main flow of steam due to

the considerable local supercooling of the steam, there occurs additional conden-

sation. Consequently, enlargement of a droplet occurs mainly due to local con-

densation on the lateral surface. On the front portion of the droplets, the pressure

will be close to the stagnation pressure of relative motion. The average pressure

inside a droplet can be higher than th pressure of the steam flowing around the

droplet.

In the considered case, the condition of a stably behaving droplet (critical

diameter d*) is determined with the dynamic influence of the steam flow taken into

account.

An increase of the dimensions of the droplets can occur due to different

cauces: a) due to the merging of small droplets during continuous condensation;

( )*I. I. Klrillov and R. M. Yablonik.
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b) due to nonuniformity of the velocity and pressure fields; c) in connection with ()
the geometric and aerodynamic :peculiarities of the duct in which the two-phase

liquid is moving. A well-known role is played in this process by supercooling.

As a rule, all the ernumerated factors act Jointly.

The moisture droplets formed on the first stage have extremely small dimensions

(fractions of a micron). The velocity of these particles is very close to the

steam velocity. The wave length of any small disturbance in this uniform liquid-

steam mixture should be considerably larger than the size of a droplet (diameter

of suspended particles). Only in this case, in accordance with the data of L. D.

Landau and E. M. Lifshitz, the velocity of small disturbances can be calculated

by means of a Laplace equation.

Consequently, if

d. < Q.

where 11 is the wave length of the disturbance, i.e., when

(w = a/l is the frequency of the disturbance and a is the velocity of propagation

of the disturbance), the determination of the velocity of small disturbances can

be performed with the use of the Laplace equatuon:

a-S

which can be converted to the following form:

a O(338)

Here v is the specific volume of steam; the subscript s indicates the isentropic

character of the process of propagation of the disturbance; k is the index of the

isentropic process. which is equal to

p(dc/~~k-- -- (339)

After substitution of (339) into equation (338), it is easy to obtain:

a =1kpu.

Thus, with the decrease uf the frequency of disturbances, the permissible --
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diameter of a droplet in moist steam increases, at which equation (338) will ensure

a satisfactory accuracy.

For various gas-dynqmic calculations of flows of moist steam, it is necessary

to know the velocity of sound and the index k. This problem was solved by a number

of authors with the assumption of an equilibrium change of the stage of the moist

steam. In particular, V. V. Sychev, for a determination of a and k in a two-phase

region, obtained the following formulas:

O- V (d o

and

k - 0" - 4- + le x "

Here vt and v" is the specific volume on the lower and upper boundary curves;

x is the degree of dryness; cv and c" are the heat capacities for constant volume

on the boundary curves in the area of the two-phase region.

The derivatives s and s) and also dp/dl, were calculated with high

accuracy and presented in appropriate tables [92].

For simplification of the calculations, V. V. Sychev constructed a nomograph

a (T, x) for steam, which Js .,esented in the appendix.

Formulas (340) and (34i), and also the indicated nomograph, give a satisfactory

accuracy of calculation only when the two-phase medium is finely-dispersed and

monodispersed, and contains very small droplets of approximately identical dimensions.

In reality, as shown earlier, the structure of the flow of moist steam can

essentially differ from this ideal picture.

Let us assume that the change of the vapor state in the two-phase region will

be quasi-static and equilibrium, i.e., the vapor state in each point of the process

will correspond to the diagram parameters (in the i-s diagram).

In this case, with a low moisture content of the steam flow, the structure of

the two-phase system is the simplest. The liquid phase exists mainly in the form

of extremely small suspended particles. Under these conditions there cannot be

large droplet and films. As a result, the actual enthalpy of the gas on a wall will
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be equal to

i . i = + r 2

where r =/Pr is the recovery factor for a turbulent flow. Since Pr I 1 for steam,

it is obvious that os io, i.e., the enthalpy of the flow at the wall will be-OCT

rather close to the enthalpy of absolute stagnation.

When considering Fig. 326, let us note that the line O-A, on the assumption

of complete recovery of enthalpy in the boundary layer, characterizes the state

of the steam on the surfaces of the nozzle channels.

since, in relative inlet motion, point O' characterizes the state of absolute

stagnation, under the same assumption concerning complete recovery of enthalpy

in the boundary layer, the line O'DE depicts the change of the steam stage on

the surfaces of a moving cascade. It is not difficult to see that moist steam flows U

over only an insignificant part of the blade surface (on stetion OtD). Consequently,

with a small degree of moisture, the steam at the walls turns out to be overheated.

The channel walls in this case do not play a role in the process of condensation.

As the moisture increases during vapor expansion in the flow area, conditions

appear which favor the formation of enlarged droplets. The droplets will lag in

their motion from the steam flow, which also promotes the formation of films.

Finely-dispersed moisture weakly affects the structure of the steam flow and,

with the degree of moisture X = I - x 9 0.05, it does not cause blade erosion.

The effect of condensation can only show up iii the reaction and the efficiency of

a stage.

The process of increasing the dimensions of the droplets is connected with the

peculiarities of motion in the flow area of the stage. During steam expansion in

the nozzle c:ascade there occurs a concentration of moisture on the concave surface,

which is caused by the curvature of the flow lines in the channel (Fig. 328a), i.e.,

by the influence of centrifugal forces on curvilinear trajectories. Due to

ejection of droplets of moisture towards the concave st. ace, on it there occurs

che primary ,:oncentration of droplets. Droplets can fall onto the back of a blade

during secondary motion of steam and as a result reflection from the concave surface.

A further increase of the size of the droplets occurs on the rotor blades. Here

the droplets,'falling into the boundary layer, move under the influence of centrifugal
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forces in a radial

I t with, one other, are/ '7 --.

i I -- increased. It should

XZi - S be emphasized that the

a) b) C) concentration of mo sture

Fig. 328. Diagrams of the motion of-moisture droplets- in the peripheralsections
in the flow area of a stage: a) motion of droplets in
a nozzle cascade with velocity distribution behind the of a stage is explained
cascade; b) motion of liquid in boundary layers on
olades; c) influence of secondary flows on erosional not only by the swirling
demages to blades.

of the flow at the nozzle

cascade outlet (in the clearance), but also by the influence of the centrifugal

forces acting on the droplets that are moving in the-boundary layer of the rotor

blades.

The condition at which there occurs movement Of particles in the boundary

layer of the rotor blades in a direction to the periphery is given in reference

[163]:

where x= u/c; R is the radius of the location of the droplet; d. is the diameter

of the droplet; p. and PB is the vapor and water density.

This condition always is fulfilled for stages of steam turbines, since R/dX >>

>> 1.

A diagram of the motion of the droplets in a cross-sectional view is shown in

Fig. 328b. The moisture droplets in the boundary layer of the rotor blades have

large radial velocity components and move in a direction to the periphery; the

droplets in the peripheral sections are ejected from the blades. Some of these

droplets go into themain flow of steam and are pulverized under the action of the

22,
velocity head (c 5 -c,)/2 . New formations of large droplets begin in the following

nozzle cascade.

It should be emphasized that an especially intense accumulation of condensed

steam on the nozzle blade occurs at the tip and in the root sections, in the zone

of secondary flows (Fig. 328b). Nunerous experiments confirm that precisely in

these zones the erosional damages turn out to be maximum.

0 i' follows Liom this that the process of Increasing the dimensions of droplets
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is essentially influenced by the structure of flow in the casczdes, -which is deter-

mined by the geometric paraieters of the cascades (flare e, angle of.deflection of

*flow, chape of blades, share Of flow-area in meridional plane, and also by the

gas-dynamic and performance parameters(4 and Reynolds numbers, inlet angle). It

is necessary to consider the influence of the radial e-d transverse-pressure

gradients in the nozzle channels, which depend on the above-mentionedgeometric

and performance parameters. These gradients determine the flow in the bbundary

layers on the blades, Experiments confirm- '%hat an cssential influence on the

process,of interaction of the droplets with the: moving cascade is 3enxqd by

the size and shape of theedge wakes behind the nozzle blades, depending on the

structure of tbr boundary layers on the trailing edge and it- thickness. Large-

drops of water Are concentrated in the edge wakes; the drops enter the rotor blade

with maximum angles of incidence. If the axial-clearance is increased, then, under

the influence-of the core of the fl6w, the moisture droplets in the edge wuke will

be a,;eelerated and- pulverized, which will have-a favorable effect on- the. flow in

the movngca: rade and will decrease erosional wear. Enlarged axial clearances

improve the separation of moigiure from the stage.

Of interest is a rough estimate of the thickness of the film on the surfaces

-of the nozzle and moving channels. This estimate is given in W. Traupel's work

f[158]. It may be assumed. that the film thickness is deteimined by the heat

exchange between the film and the supercooled steam-water-mixture in the core of the

flow. On the basis of this arsumption we determine the amount of heat given off

by the film to the core of the flow, and consequently, the quantity of moisture

precipitated on the wall. According to the author's data, the flow rate ratio of

moisture in the film and the steam in the core of the flow amounts to J = (0.25-

0.5).10-3; the quantity which vharacterizes the ratio of the flow rate of

fl.lm moisture to the total flow rate of the liquid phase in the channel, amounts to

-2%. An estimate of the film dimensions at the trailing edges of the blades shows

that its thickness lieo within the limits of 6B A (2 to 4).1-3 mm.

It should be emphasized that the thickness of liquid films on the back and

concave surface of a profile will be unequal. In accordance with the mechanism

of motion of the droplets in the channel, the thickness of the film on the concave

surface turns out to be larger.

Thus, molsture can occur in the flow area of a stage simultaneously in three -)
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forms: in the form of small suspended droplets, in the form of a film covering
a blade, and in the form of enlarged drople;,s. The numerical ratio of the various

forms of-moisture depends .on the above-mentioned factors, and also on the intensity

of steam expansion, and .consequently, on the primary condensation. It should be

borne-in mind that, besides-the dioplets proceeding, to the considered stage during

steam expansion in the given stage (secondary droplets), new (primary) droplets can

be separated in the flow.

The influence of moisture on profile and end losses in turbine cascades has

been insufficiently studied. This investigation mustbe conducted in a-wide range

of variation of Reynolds and M numbers for various degrees of moisture, .separating

the conditions with the transition through the saturation line (X0 = 0) from the

stage of weak overheating and the conditions with-high initial moisture.

Available experimental data show that when the initial humidity is X0 > 0,

the losses in reaction -and impulse cascades increase as compared to supjrheated

steam.

Some data that illustrate the change of profile -losses are shown in Fig. 329.

Th se experiments show -that in a reaction cascadean increase of losses in noted at

large values of initial moisture.

10 - - Thus, for instance, the transition

%- from the state of overheating to the

-. _ -. ....- boundary curve (moisture X0

- practically did not change the level

2 ,.- -- -. of profile losses in this cascade.

007 O -0, f, However, at xo = 4%, the profile losses

Fig. 329. Influence of steam moisture noticeably increased.

on profile losses in impulse and reaction
cascades. :p = pr = profile] A characteristic fact is that

the increase of losses is noted mainly

in the edge wakes behind the cascade, i.e., in the zone where detachment of the

films occurred and small and larger droplets were formed, which are again carried

away ly the Clow. The more intense influence of moisture on losses in an impulse

Ie lo ,xplatned by the fact that the velocities at the entrance to this cascade

AVre0, 'oiId',;i'bL and the droplets lag even nefore the cascade. Furthermore, in an

lmpuloe cascade the fiow accomrlishes a more significant circulation. Experiments

showed that even at a low initial moisture, X0 = 0-1%, the profile losses in an
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impulse cascade increased. Especially noticeable is the increase.,of losses with

the imcrease of moisture to XO > 5%.

§ 51. EQUATIONS OF ONE-DIIENSIONAL MOTION- OF MOIST'ST

AND THE SLIP FACT61C STT

We shall apply general 'coxhservation equatiois to a flow of moist steam, con-

sidering the motion to be steady and one-dimension.iljthedistribution-of the liquid

phase in a cross section is assumed to be uniform. Thp extstence of an inrterna!

heat Cxchange between phases, caused by condensatidn, is: a~sumed.

The cotiniiity equation may be wri.;t!n. in the following form:

m - ,-fit. = (F AF) Cj . '.- AFeo,

where -F is the cross-sectional area of a channel; AF is the portion of the- cross-

sectional area occupied by the liquid phasej m n  and m are the mass flow -rates-

of the steam and liquid phases; m_ is the total mass flow rate; PB and p, are

-the densities of the liquid and steamphases.

This equation is not difficult to convert to the "following form:

I -AF+ AT V=2

Here F == is the density ratio of the liquid and steam

phases; v = c B /cn is. the slip factor.

*- In the initial (entrance)-and intermediate sections, the continuity equation

for the steam phase takes on the following form:

mn4 =FQc. = I - , •C

(subscript I pertains to the initial section).

Substituting the quantity mn, we finally obtain:

A (34i2)

Here X = is the degree of moisture of the flow in a given section.

T1he momentum equation in differential form will be presented in the following

manner:

dt,,c, ... Pp -I. ,n,. ) . . , IdJ -0. (3113)

Hlere , is" the coeffPl-nt c-' -,(x;, krloiou agaiv't Ihe walls, JS - (1L/u is an
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element of the length of a wall (D is the diameter-of a channel); dJk is the

impulse of the resisting forces of the drople ts in the flow.

Disregard1 .tbhe influence of friction agairxst the walls (E - 0) and considering

that dJx = 0, we shall integrate equation (343)-bni.an area bitween the entrance

and intermediate sections:

rI.f,, - Fp [f1 1,,€ !- F1,1 - ,

For the steam phase we will use the B. M. Kiselev transform:

where ,*(X5 ) =X + ,-.; Xn - ch/a. and k, are the dimensionless and critical

velocities of the steam-phase. After simple transformations, we can obtain:

[(o --x),t() -k-i + ,,I - (I .x,) o(o ,)

+ xk . (343a)

Heie XB -c,/a,,; -a as/ai; xiis the; initial degree of moisture.

The energy equation, taking into account the internal heat exchange, is prescnted

in the following form:

d (mjj) ." ydT. 4- /it. 0. O (344l)

where i0n is the stagnation enthalpy of the steam phase; c and T. is the heat

capacity and the temperature of the liquid phase.

If cooling of the droplets can be disregarded, equation (344) is integrated:

m fi l Mi," m, "
2 m, 1  2

S Lnce*

the energy equation takes on the following form:

cos-ant, value of )th-=--x k + 1 I" k-+- i 1 J ! - y j*= (3 4a)

'It is assumed that for the steam phase it is possible to take the average, but
constant, v-lue of index k.
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Considering a droplet as a moving material point (sphere), we can wrlte the

impulse equation (eqiiation of droplet motio-n), in the following- form:

Here Px is the drag of a dropleto NmB  is -the mass" of 9 droplet, whose- sI.Ape

is assumed, to be spherical.

The drag of the sphere can be determihied by the fol-iowing formula:

-IP=c= FsQ(,,--c.)*.

Where cx is the drag coericient; F is the cross-sectional area of the sphere.

Noting that

we shall .onvert the motion equationi to the following form:

-i d, (345)-(c,,. c,--- - ) _4 ,

rince dt = dx/c- ; dx is an- element of the droplet's trajectory.

For low -degrees -of moisture, equation (3115) may be Presented in the following

form:

y(A,). tx- c dx, (3416)
(A.~~)' A. 4

where

Equation (346) is integrated:

4)4p __ dA.. (347)

The equattons of conservation and motion a*e supplemented by the equation of

stage t'or the steam phase:

p= (., T.) (
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for an i"gas 4 L "--4-L " the equation of droplet resistance:

and the equation of heat exchange between the *roplets and- the steam; the latter may

be presented- in the following form:

Here d is the coefficient of heat radiation,, which-depends on the Reynolds

number, the slip factor, and the droplet radius; c is the heat capacity 6f water.

Hence we. 6btain a linear differential ecuation with respect to TB

., (348)

wheie T n  is taken as a function of time.

The equations ,obtained above ,'6rm-a closed system, the so lution of which is

carriad out by a numerical method* oi on an electronic computer.

One of the main problems in the investigation of the structural form of the

two-phase s ;stero reduced \to findig. thd dimensions of the droplets and the relation

between the velodities of The two Iphases (slip factor).

The establishment cf this relation makes it possible to quite easily determine

the change of the effectiveness of a stage and its flow rate characteristics,

depending upon moisture within the confines of a one-dimensional flow diagram by

means of velocity triangles). For this reason, attempts have been made for some

time to establish an appropriate connection between the velocities of steam and

moisture. Ona of the first works in this direction is that of L. I. Degtyarev [21].

It is obvious that the sought relationship of the velocities of steam and

water depends on the quantitative distribution of the various dimensions of the

droplets and films of moisture in the flow and consequently, this relationship

cannot L, exactly determined. The above-mentioned system of equations permits

an approxin'te solution of this problem within the confines of a one-dimensionai

diagram.

Let us consider a simpler method of determining the slip factor, which was

BcBcauos of the limited volmie of this book, the solution of the indicated
equations is not given.
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developed by Yu. Ya. Kachurirar [54]. Using the experimental Nukiyama-Tanazava (_

dependence for the inaAmim diameter ,of a stably behaving droplet (taking into

account the 0%,ndmic pressure of the steam flow),

d. 1 .9 /' -

and assuming that

c, = 5.3,Re - ,

the author reduces equation (345) to the following form:

C. dc, 2S(c,--) dx, (3149)

where

S -8;

Equation (3419) is integrated for' c const.

Since at x = 0 (i- .... tial section) cB1 - vlCn, then

V v,) + V-L- = _ v,)a (I - - v-V) (350)
c, (I - vj)l a -- I + 2v,.

In fQrmula (350) we designate:

a =2S,,x.

For the particular case of v- 0 (cE 1 - 0 when x = 0), we obtain:

v L-"  (351)

Equations (350) aiud (351) are valid for a constant velocity of the steam phase.

For the linear law of change

, = kx.

Yu. Ya. Kachuriner obtained the following formula:

v = 2/' [i -0,61 'a .0- 0,47a - 0,23u J -

+0,142u--0.88Ia*f17 1-0,054903 " ... ]. (352)

EquaLions (350) and (352) are convenient tc represent graphically. Figure

530a jhows the curves of change of v, dependin; upIun a for different v.. The curves

on Fig. 350b characterize the influence of the iarameters of the medium on the value

of a.
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Calculations according to equation (352) show that for small droplet dimensions,

dk = (i-3) the velocity ratio v is close to unity. In this case the- lag of

moisture particles from

the steam flow is small,

V4 a. and the losses in the

a ,stage, which are causbd by

the braking effect of

moisture, -also will be

1 1, '_ I t- Msmall.

o 5 t o a)29 Z ab) 0ar For ionlinear velocity

Fig. 330. Graphs for determiining -the slip factor distribution of ~the steam
'according to Yu. Ya. Kachuriner's method: a)-
dependence of slip factor on a for different v,; b) flow alonzg x, the initial

influence of.pressure on a for different temperatures; equation (349) can be solved,
curves: I and 2) f6r air, T =,.3730 and T'= '2730 3)
for steam, c n  100 m/sec. by integration with respect

to separate sec ions.

Let us emphasize that Yu. Ya. Kachuriner's solution lads to an intense

dependence-of the slip factor v on the Reynolds number, since

a = 2Scx = 20,3Re, P.-

where Rex - cnxp/p, is the Reynolds number referred to the length of a flow line.

§ 52. CONDENSING SHOCKS IN A FLOW OF MOIST STEAM

The available experimental data distinctly show that condensation can be

carried out in oondensing shocks at high velocities. In this case, an intense

release of moisture occurs on a short length of the flow. Consequently, in the

section where a condensing shock is located there occurs an intense release of the

heat of vaporization; as a result, the shock changes the pressure, density, temper-

ature, and velocity of the flow.

An analytic investigation of condensing shocks is carried out by means of the

joint solution of conservation equations under the following assumptions: a) con-

densation occurs instantly, so that a clear-cut line that separtes the steam

from the mixture is formed; b) the effect of condensation reduces to the liberation

OL of the latent heat of vaporization; c) the change of the physical properties or the
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steam phase and its parameters occurs only in a shock; d) the influence of viscosity,

heat conduction, and diffusion may be disregarded; e) after the shock, the moisture

and steam have identical velocities.

The enunerated assumptions make it possible to obtain calculatiofi equations

for c6ndensing shocks by means of the joint solution of three conservation equations:

continuity, energy, and momentum [22], [150].

£tn the form of a connection between the vertical and: longitudinal components

of velocity, the fundaiental equation of a condefising shock has the following

appearance [22]:

• (, , ;-2 2(353)
iT-T 47 -u- + I

'Here X = c±/a* is the dimensionless velpcity before the shock;
-' IFu = u /a. is the dimensionless longitudinal velocity component behind the

"I shock;.

v vr2/al is the dimensionless vertical velocity component behind the shock';
2I

Ei'0 = Ai 0 /io is the relative change of stagnation efnthalpy due to the release
0'of heat during condensation;

Oi, io are the critical velocity and stagnation ehthalpybefore the

shock.

Equation (353) represents the shock polar of a condensing, shock. As it is

known [22], condensing shocks can appear only in definite quantitie of condensing

liquid. The maximum increase of stagnation enthalpy in a shock is calculated by

the following formula:

M.ema, '-m" (354)
rain

where

a is the critical velocity behind the shock.

The quantity d. r etermines the maximum increase of critical velocity in

a vondtnu.J.1 ,,hok, The increase of stagnation enthalpy in the shock is connected

wiLL, Lhe d,'reOr o1r ioi:sture before the shock by the following relationship:
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0 - (355)

Formulas (354) and (355) Jointly give:

a-2 I - (356)Min

Consequently, with relative moisture X > xax' condensing shocks ae not able,

to exist. In this case, at any velocities there occurs continuous and uniform

condensation of the steam portion.

The theory of shocks shows that condensing shocks can be of two types: a)

subsonic shocks, which corresponding to the condition of cII <-a1 and c 2 < a2; b)-

supersonic shocks, in which cjni > a, ad

c,2 <a and c are the normal velocity-1 2 (cand H12
._' ,. components'before and after the sh6ck).

@A experiment confirms the possibility

of the formati6n of the two types of'shocks.

qJ1* -Figure 331 shows the spectrum of'moist flow

Vof air i-na convergent-divergent nozzle. Here

we can distincly see the system of inter-

Fig. 331. 2Condensing shock in a section oblique shock waves, the appearance of

flow of m'tst air at' M = 1.7 and whichis-not connected with -the shape-of the
degree of nristure X = 0.33.

nozzle walls or the conditions of flow.

In accordance with a theory, the position of a shock, its shape, and intensity

are decisively influenced by the air moisture content and the flow rate. Figure

332 gives curves of relative pressure and number M1 before a condensing shock,

depending upon the absolute air moisture content X, accordihg to the experiments of

A. A. Stepchkov which were conducted in a convergent-divergent nozzle. With the

increase of moisture, the condensing shock moves into a region of lowcr numbers.

With the increase of moisture, the supersaturation of the air flow by steam decreases,

which is determined by the ratio of partial steam pressure to the saturation pressure,

Pin/PiH, and there also occurs supercooling, AT (Fig. 332).

The movement of a condensing shock, depending upon moisture, is explained,

apparently, by the fact that as the quantity of sLeam decreases, its condensation

C) occurs at a lower temperature which corresponds to a higher MI number.

The shock also changes shape when it moves: at a high moisture content, the
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.,Vs._ i-i- I-I - (182o

.I i- 4 200

450-- 4- .75

4'! -1! -}10
k *,i- -1.5 12

40 . "_ ISO-
-~4# 1-ff.

2  125

Fig. 3. Influence of absoIute1

1' moisture X in a conv ergent-diVergdnt
nozzle on supercooling AT, 4I number,

pressure ratio p,/Po, and the ratio

of partial pressure to saturation
pre~sur& pi11/PiH, according to

A. A. St'epchkoV's experiments.

shock, becomes bridge-like and is almost straight; with the decrease of moisture,

as a rule, a system of two intersecting shocks is observed.

In this case one can determine the variation of parameters in a condensing

shock according to the following formulas:

pressure ratio

PS I+ kM sin'P,
P1 kM2

I+ Z (snPg-iacospj'

where the velocity behind the shock is

;~M (, - 1-) 2(_, T':V-.T

i , . iv I nh, p of' the condensing shock;

donity ratio:

Q1 p, Ai -2 -
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stagnation pressure ratio:

P62 Ps 2______

Increase of entropy:

'The very limited quantity of available experimental data shows that condensing

shocks form in the nozzle cascades of turbines in an oblique cross section, and at

M, > j they are located neafm the main-sh6cks which appear during steam expansion

in this sectibfi.

With the 'icrease of moisture, just as in a convergent-divergent nozzle (Fig.

331), the shocks move in a direction to the narrow section of the vane channel and,

with the increase of velocity,, the condensing shocks move toward the flow.

It may be assumed that supercooling attains maximum values in the transonic

zone that is characterized by maximum longitudinhl velocity gradients. This

peculiarity of transonic flows gives us a basis to consider that at Mi 1 con-

densation does not generally occur in a flow of steam. This assumption is indirectly

confirmed by experiments with Laval nozzles, in the minimum section in which

M 1 1, and the observed supercooling attains very large magnitudes. Condensation

in a Laval nozzle is found in the divergent (supersonic) portion.

In conclusion, let us note that from the aerodynamic point of view the process

of condensation, which causes a local decrease of pressure at the points where

the condensation centers are located, apparently leads to turbulization of the flow,

since condensation is accompanied by an intense exchange of impulses in a transverse

direction.

§ 53. FLOW RATE CHARACTERISTICS OF NOZZLES OPERATING

WITH MOIST STEAM

For ideal gases that are governed by an equation of stage, the theoretical

mass flow density in any given section may be determined by the following known

relationship 122]:

(j, 5_ - =g, (357)
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where mi is the theoretical mass flow of gas per
second; -

F. is the area o' the nozzle outlet section;

PO, vo are the pressure and specific volume of
the stagnated flow;

qj, -- -- +.I= k (I k---L2 ) is the given theoretical flow rate;

pt, ct are t-he isity and velocity in the nozzle
outlet section for an isentropic flow;

p., a* are the critical density and. velocity in

the outlet section;

X = ct/aj is the dimensionless velocity;

B, q, k-(+1 -is the theoretical discharge coefficient..

The actual mass flow density will differ from the theoretical one, and 'it can

be found by the following formula:

B (358)

where B is the actual discharge coefficient.

The flow rate coefficient of the nozzle is equal to

B

For superheated steam, the flow rate coefficient p characterizes the decrease

of the outlet section of the nozzle by the boundary layer. This decrease

quantitatively is expressed by the depth of displacement, 6*. It is obvious that the

discharge coefficient B and the flow rate coefficient p depend on the basic

parameters Lhat determine the development of the boundary layer in the nozzle, i.e.,

B IRe, MI k, .-
dx)

and

dx

Here Re is the Reynolds number in the outlet section of the nozzle;

M1 is the M number calculated with respect to the pressure ratio in the
nozzle, e p2/poi;
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SP2is the static pressure in the external medium;

d--O is the dimensionless pressure gradient.

As indicated earlier, convergent flows of sattrated and moist steam differ by

a number of peculiarities: a) the change of state cannot be expressed by the

equation of state of an ideal gas, and the isentr oic exponent Iv ceases to be a,

constant that characterizes the process on the whule; b), the steam in the critical

section of the nozzle is in a supercobled state, whereby the equation of state

of this steam is unimovn; ) the phase homogeneity of the flow is disturbed in

any section of the nozzle; in the region of flow near the wall, a. film will form,

ihe velocities of the lijuid and steam phas. will be unequal, and the velocities

proceeding to the nozzle will also be different due to the initial moisture and the

droplets formed during motion; d) the flow process is unbalanced and metastable;

therefore, the thermodynamic method of irivegtigatingthe eqdilibrium processes

turns out to be unacceptable.

Consequently, the discharge coefficient B for moist steam should depend on,

besides 'Re1 , M , and the longitudinal pkessure gradient, the initial degree of

-moisture, XO 1= 7 x0 (x0 is the initial degree of dryness), on the magnitude of
F J

supercooling 'AT, on the area of the nozzle section occupied by film F and on the

slip factor. Thus:

diT . .A.v F,

We shall first consider the results of an investigation of the flow rate

characteristics of a nozzle operating with.superheated steam (MEI experiments).

Figure 333 presents curves of the discharge coefficient B depending upon ReI and

e. The discharge coefficient B ceases to depend on Re1 when Rei : 4.5.106.

With the decrease of s, the discharge coefficient increases from B = 2.015 at

e = 0.52 to B = 2.07 at e - 0.1. The increase of the coefficient occurs with the

inc!rease of the pressure drop on the nozzle at supercritical pressure drops, which

is explained by the structure on the boundary layer in the outlet section of the

nozzle. As shown in reference [22], under such conditions the actual minimum

section of flow does not coincide with the outlet section of the nozzle.

At subcritical drops the boundary layer continuously increases along the nozzle

L generatrices and the depth of displacement in the outlet section has a maximu value.
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With supercritical drops, the pressure
20 D- H4~, ,I0 .

1.g "behind the nozzle. Under the action

-- of the pressure difference on the out-

ii" , i, ,-L-i -ii . § let section of the nozzle there occurs4!o £ 02 3 a4 'as0 t ./,
.- asharp decrease in the depth of displace-

02._ ment (-"blow-out" of the boundary-layer),

whereupon reconstruction of the layer

starts inside the nozzle, since the

1, disturbances through the subsonic part'

5 0 ' 1 of the layer are propagated against

Fig. 333. Dependence of the discharge the flow. This reconstruction of the
coefficient of an axially symmetric
convergent nozzle on the Reynolds number boundary layer at the outlet section
and priessure ratio (M number); experiments

S of[ G. V. Tsiklauri (MEI),wit h superheated involves an increase of the actual

steam.a("effective") critical section of flow

(as compared to subcriticai conditions), and the steam flow rate increases.

With the decrease of e, there occurs a more intense "blowing-out" of the

boundary layer at the nozzle section; the actual critical section is then even more

displaced against the flow (Fig. 333). The area of the critical section continues

to increase, and the flow rate through the nozzle increases. The discharge

coefficient B then increases.

For a confirmation of this hypotesis, we measured the pressure distribution

along a nozzle wall. Graphs of the presslure distribution show that when 6 - 0.25,

inside the nozzle at a distance of 4 to 5 mm from the edge, the steam flow is

supersonic, i.e., the critical section of the nozzle, which corresponds to s. -

0.516, is located inside the nozzle (see Fig. 334).

Calculation of the depth of displaoement by the method presented in (22] gives

the- value of 6* in the nozzle throat as equal to 0.3 mm. An increase of the

disJurge coefficient from 2.02 to 2.07 for the tested nozzle should correspond to

a decrease of 6* by 0.25 nun. Consequently, It is possible to expect that at e

0.i there occurs almost complete "blowing-off" of the boundary layer.

Thus, experiments on the determination of discharge coefficients for superheated

steam ,howed that, in distinction from foregone conclusions, in supercritical pressure
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drops thedischarge coefficient for convergent

At- nozzles depends on the Reynolds number and the

pressure drop on the nozzle. This means that

the flow rate coefficient t± also under super-

critical conditions depends on Re and M..

Z The results of an investigation of the flow

rate characteristics of a nozzle with saturated

.)and moist steam at supercritical pressure -drops

are presented in Fig. 335. These experiments

show that with the approximation of the initial

0 '0 4 ft U A steam parameters to the boundary curve of the

Fig. 334. Influence of moisture phase transition, the coefficient B starts to
on pressure distribution along
a nozzle wall under stbcritical increase. Upon transition to the two-phase region,
and supercritical conditions:
e-eriments of G. V. Tsikluri the discharge coefficient continues to increase,

but more intensely, whereupon where all four curves

gradually converge. This approximation, with a high initial moisture content, may

be explained by the formation of a liquid fi-n. in the throat area of the nozzle,

which is stabler, and consequently, the depth of displacement of the mixed boundary

layer (liquid film and steam) decreases less intensely with the decrease of s.

As can be seen -from Fig. 333, the experiments revealed the influence of the

Re1 number on the discharge coefficient, whereby the influence of R is noticeable

at higher Re1 than in the case of superheated steam (RejaBToM 6.3.106 for moist

6
steam, instead of ReIaBTOM = 4.5 X 10 for superheated steam. This fact con-

firms the more intense mechanism of viscosity in a flow of moist steam.

Thus, the flow rate characteristics of nozzles in supercritical conditions

for moist steam qualitatively change depending upon e (or M,) and Re, Just as for

superheated steam.

The above-considered results of the investigations distinctly showed that the

value of the discharge coefficient with supercritical pressure drops for moist

steam, B = 2.035, which was recommended by Bendeman in 1907 and is widely used

in calculations of the flow areas of steam turbines, lies below the given experimental

data.

The dotted line in Fig. 335 shows the change of the theoretical discharge

coefficient Bt depending upon the initial moisture content and superheating for
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*- supercritical conditions. It is

'Ojz obvious that upon transition

S - from superheated steam to moist,

Zvi the exponent k, and consequently

---T_, ,also Bt, change abruptly. The2.02-- -

isentropic exponent changes

40 -from 1.3 for superheated steam

______ '"__ , to 1.135 for dry saturated steam,

which corresponds to a change of

__---_ _ _" _ _ Bt from 2.09 to 1.99. With the

AtC 8 20, 0. 5 increase of the degree of

7 oimoisture, the discharge coefficient

I I which is calculated according

to V. V. Sydhev, continues to

.-- -3 -drop slightly, while, according

to an experiment conducted at MEI,

JtC 20 10 0 S' 10 15 20 25 %,.% Bt increases. This divergence

Fig. 335. Dependence of discharge coefficient of theory and experiment can be
B on moisture content at different Reynolds
numbers and pressure ratios (MEI experiments) .  explained by the circumstance

that a thermodynamic analysis

does not consider the above-mentioned peculiarities of the flow of saturated and

moist steam In a nozzle.

The character of the influence of moisture on the discharge coefficient in

subcritical conditions remains the same as in supercritical conditions; however,

this influence turns out to be weaker quantitatively. With the increase of the

initial moisture, the discharge coefficient B increases less intensely then in

supercritical drops.

The qualitatively identical influence of moisture is also confirmed by graphs

of the prerosure distribution. Along a ,ozzle wall (see Fig. 334); with the increase

of molsture, the pressure in all sections increases. This increase of pressure is

a result of the simultaneous heat and flow rate influence on the flow. However,

the grnphs in Fig. 334 also lead to another conclusion. Thus, for example, for the

case of nuperheated steam and dry saturated steam, the pressure curves shown on the

graph completely coincide. This indicates that during expansion from the saturafion
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line, the steam behaves in the same way as superheated steam; there does not

occur a noticeable release of moisture, which woild lead to deformation of the pres-

sure curve (due to -the internal heat input and change of the flow rate) during con-

densation.

'The increase of the steam flow through a nozzle with the increase of moisture

is explained by the joint influence of several factors: supercooling of the steam

phase, increased cross-sectional area of the steam phase, and supply of heat to

it froi the liquid phase (even in .the absence of phase transitions), and also

stagnation of the steam flow by droplets of moisture.. A decrease of the flow rate

promotes the formation of a liquid film on the nozzle walls and expenditure of

energy- or accelerating the motion of liquid particles.

An evaluation of the significance of separate factors shows that their influence '

essentially depends on the degree of moisture. Thus, for instance, the increase of

the cross-sectional area of the steam phase, which is caused by the increase of the

velocity of the droplets as they pass through the nozzle, turns out to be insig-

'nificant with degrees of moisture X 10-20% and slip factors v close to unity

[see formula '(342)]. In those cases when the slip factors v << i the influence

of this factor can be perceptible.

Small values of v are characteristic of the liquid film on the nozzle walls.

Consequently, as one may see from equation (342), its influence on the steam flow

rate can be essential, A decisive value is obtained;by supercooling when the supply

of heat to the steam phase is the most intense, when the dinensions of the droplets

are small and the steam is decelerated by the droplets, whicn causes an increase of

its density.

The influence of the enumerated factors leads to an intricate redistribution

of the -parameters of flow, as a result of which the pressure on the nozzle walls

is increased (Fig. 334).

As the moisture content increases, the film blockage of the minimum section

increases and the slip factor changes in the core of the flow, which leads to a

less intense increase of the flow rate.

On the basis of experimental data for supercritical and subcritical pressure

drops, we constructed the dependence of the discharge coefficient B on the pressure

ratio P Cor different degrees of moisture at the inlet (Fig. 336). For a comparison,

Fig. 336 shows Bendeman's experimental points and an analytic curve of Bt for
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- k = 1.135 (dotted line). ()

0 -The calculdtion of the flow areas

W of "turbine cascades usually employs the
2.1 - -.

flow rate coefficient P = B/Bt, whose

* -dAe:.,an, experizei.s value for moist steam depends on the
for drj; saturated stesm

method of determining the theoretical

7 0, 4? 41 0u 45 g 07 'z/hP discharge rcoefficient Bt. If Bt is

a) determined with respect to exponent

k, depending on the degree- of, moisture

______ [see formula (357)], the flow rate

too coefficient upon transition through

_____I the saturation line changes abruptly.

_This creates evident inconveniences for,a96______ ____ _

AtTC70 5 10 , :practical calculations.

I. In an area of small superheating

and smal-M degrees of moisture, the

flow rate coefficient can be determined

by referring the actual discharge

tcoefficient to the theoretical one

that was calculated for k = 1.3. The

t" ?0 a- b5 10 corresponding curves that are shown in
b)

Fig. 336. Flow rate characteristics of Fig. 336b can be used for the calcu-
convergent nozzles with moist steam:
9) dependence of discharge coefficient lations. It should be borne in mind,
oni e for different moisture contents;
b) dependence of flow rate coefficient however, that the graphs in Fig. 336
on moisture content for different e
(mnl experiments), were obtained for an axially symmetric

nozzle. At small degrees of moisture (X0 5 10%) the values of t for nozzle cascades

closely conioide with those shown in Fig. 336. or impulse cascades (and for

., . * , w~th hI, hi molsture content) there is nonuniformity of the liquid

pIi:;, (mall 'ind large drople'-s, films of different thickness on the back and con-

cave surfaco), and the flow rate coefficients can noticeably differ.

§ 51j. INFLUENCE OF MOISTURE ON THE CHARACTERISTICS OF

A TURBINE STAGE

Systematic investigations of the effect of moisture on the efficiency,

reaction, and flow rate coefficient of turbine stages are being conducted at(
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MEI, NZL, BITM, KTZ, and TsKTI. The material accumulated is not yet sufficiently

complete; however, it permits us to make a number of essential conclusions concern-

ing ithie performance of a stage in a regicn of moist steam.

The KTZ labf atory studied the influece of moisture on the efficiency' of

a double-wheel regulating stage. The correiponding data are given in Fig. 3v7. The

influence of moJ'ture turns out to be quantitatively different, depending upon the

heat drop in the stage, i.e.,

4,4g All22 I/& on the M0 number. At subsonic

velocities, moisture causes

4W 40* -a more intense lowering

0 D4 _ of efficiency than at super-

i sonic velocities for a
02, 57. 2 01 3 bXA.

Fig. 337. Change of the Fig. 338. Relative double-wheel stage. It may
relative internal effi- decrease in efficiency
ciencr of a double-wheel of a group of three be assumed that this result
.stage, dep&nding upon stages, according to
final moisture content at KTZ experiiients, is explained by the con

supersonic velocities; depending upon the
q) = 0.225; e = 0.0667 moisture behind the siderably great supercooling

(KTZ experlments!. turbine, of steam at N0 > 1. The main

process of condensation then

occurs either on the second wheel, or behind the stage. Furthermore, at high

velocities, the size of the droplets decreases and the relative velocity of their

motion increases (see § 50).

These considerations are also confirmed by KTZ experiments with a group of

stages (128]. The magnitude of the decrease in efficiency, depending upon the degree

of moisture, is shown in Fig. 338. It should be noted that when the pressure ratio

In a group or three stages is co = 0.4, the drops along all stages are subcritical,

and on the last stage, when e0 = 0.23, the drop is supercritical.

An investigation of the influence of moisture on the performance of intermediate

stages was carried out by Yu. Ya. Kachuriner and A. P. Fadeyev [110].

These experiments were conducted at subsonic velocities M0 M 0.5 (eO = 0.82-

0.935) and low Reynolds numbers Re - 2"105 in one stage with a diameter of d 73

mm nozzle grid height 1 = 43.9 mm at aI = 130 and 02 = 210.

Figure 339 gives efficiency curves, depending upon x h, for different degree.;

of' moisture. As the moisture increases, the graphs show a noticeable lowering in

efficiency, and the flow rate coefficients also increase.
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By the location of oi curves 1 and 3 it is clear that the influence zb moisture

increases as xb increases. Obviously, this result can be explained by the sha±-p

increase of the angle of entry of watuir

_"_"_ ______|°_ i droplets 0,B ,onto, the rotor blades;

47 the increase of 0i, tprns out to be

47*T intense in connection with the fact that

0,2 - £1
'the velocity of the droplets decrgaseb

L~0 0 ,3- 5 0-/0- -i - (since' the steam velocity c1 11

00,, 5 0.50 " /C then:drops). %

Fig. 339. Influence of moisture on the
internal efficiency of a stage, accord- As &, be seen from the curves
ing to the experiments of Yu. Ya, on 340bi for the given the
Kachuriner and I. P. Fadeyev (NZL) with Fig. x
o =1.6, a1 = 130, and = 210; curves: decrease in efficiency Ano- linearly

I - superheated steam; 2 - = 0.9;

X2 = 1.4%; 3 - 0  2.8%; X2 = 33%; increases from the initial degree of

i -XO = 3.9%; X2 = 4.5%. moisture, while at XO = const it in-

nretes linearly, depending on xd. Let us note that the linear character of the

curves for A., = f(x0) is confirmed also for a group of stages ,(see Fig. 338).

The experiments of the authors can be described by a formula of the following

form:

-= --- = (359)

where coefficient k varies within comparatively small limits. In accordance

with the graphs on Fig. 340, it may be assumed that

k = 2,0-2,4;

XO -s the initial moisture in the stage.

It should be emphasized that formula (359) is valid for subsonic velocities.

Considering, however, that the linear character of the dependence Aoi(XO) remains

also for supersonic velocities, it is possible, assuming that k = 1.7-1.8, to

W al use it ror this region.

Investigations of single-wheel stages for different degrees of moisture were

conducted -tt W3I. Some results of these experiments, which are shown in Fig. 34Oa,

partially ,onfirmed the data obtained at HZL. Thus, for instance, it is confirm-

th.it the low'ring of stage efficiency linearly depends on xq. The data in f 53

concerning the influence of an increase in the degree of moisture on the increase (
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of the flow rate coefficient of a

stage are also confirmed. The linear

dependence of A on the initial

degree of moisture is proved in the

070 - saine way (Fig. 340b).
A-Xe.2% The obtainent of different

absolute- values A., at -MEI and-

NZL is explained by the design
01 COi 0,3 L",5 peculiarities of the test stages.

Thus,-for instance, the MEt stage
020

was te'ed ih an unshrouded model.

10 -- The experiments conducted &t

MEI also showed that th3 degree of

-'moisture renders a noticeable

influence 6h the stage reaction.

S2 3 2X02% With the increase of moisture, the,- ,*o 3 t, = - c

ST Oreaction at the- tip and in the root

, a) section increases, especially at

Ii iarge x, (see Fig. 340). it may

- - I  be assumed that the increase of

. .. 27 -the reaction is caused by the fact

that the flow rate coefficients for

2. ' 5 a nozzle cascade increase more in-

b) tensely than for a moving one (due
Fig. 340. Influence of steam moisture on
stage performance: a - internal efficiency to the larger convergence of chan-
and reaction in root and peripheral sec-
tions, depending upon xq. and X0 (MEI nels). The decrease in steam velocity

experimerts); b - lowering in efficiency, at the nozzle cascade outlet, in
depending upon xp for various XO ;
according to NZL experiments, curves connection with additional losses
-.... ; for 0 = 14.6, ai i 30, and

220-; M experiments, - (solid due to moisture, has a well-known

lines), value. The angles of entry to the

moving cascade P, increases then,

and the reaction also increases. An analogous change of the angle 0, and the

reaction causes a decrease of the slip factor v.

In the last stages of condensing turbines with large flare, the influence of
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a) CII

,Ppheral section 
(C" ,4w,

iwi' a) Cjp W

b)

Fig. 3111. Velocity triangles, for steam and water: a -In root sections
of large-flare stage; b - in peripheral; (solid lines) for steam;
- - - " (aotted line) - for moi~ture.

I

moisture will be different in the various sections along the blade height. Let us

consider the -velocity triangles in the peripheral and root sections of a stage (Fig.

311). The absolute steam velocity in a clearance c. at the periphery will be

considerably lower than in the root section. In accordance with this, the velocities

of the moisture droplets cI  will be lower at the periphery (the ratio

Ci B /cl n also decreases from root to periphery, since this quantity depends

on the M number). In connection wich the fact that the peripheral velocity increases

toward the tip, the absolute value and the angles of the relative velocity of the

droplets, wI B and 0, B , sharply increase toward the tip (see Fig. 341 a). As a

result, the braking action of the moisture dr(.plets and the losses due to moisture

Intensely Increase toward the peripheral setions, where, naturally, there is

concentr ,ted a larger quantity of moisture (the droplets of moisture are rejected

to the periphery by centrifugal forces).

The stage outlet, in absolute motion, the moisture droplets have significantly

greater swirling 2 B >> a2 1 ), which also leads to additional losses of

energy.

From a r.onsideration of the velocity triangles, it may be concluded that ir the (
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q) the root sections the liquid phase, which causes losses, also develops some effective

work and, in ,the peripheral sections, this work is a negative quantity. Con-

sequently, the losses due to moisture in a stage with long blades are variable

along 'the radius.

Investigations of large-flare stages in a region of moist steam are being

conducted at this time on a very limited scale.

Of considerable interest are the results obtained by F. V. Kazintsev (MEI) in

the investigation of a stage with e = 2.74. The experiments were conducted at

low supersonic velocities-(M = i.04, e = 0.52) in a zone of low Reynolds numbers

(Rec = (0.4-1.2).I05 ) in superheated and moist sieam An increase of the Recl

number, which is carried out by lowering the initial superheating and increasing the

final pressure, leads to an increase of stage efficiency (Fig. 342, curves i and 2).

A further lowering of superheating to AtO = i.40 (curve 3) leads to an increase of

the Rec number (Rec = i.2.I05) and to the appearance of moisture behind the

stage, X2 = 1.6%.* However, the efficiency of the stage practically did n6k change.

Only with the increase of moisture to X2 = 5.6% (initial moisture XO 3%) an

intense decrease in efficiency of the stage is noted.

Thus, the transition through the boundary curve during expansion in a stage,

and the ar')earance of final moisture at low Reynolds numbers, when the influence of

this parameter is considerable (conditions

Ate-44' outside the zone of self-similarity), does not

lead to a decrease in efficiency. In comparison

2 f ; I9L. with a zone of superheated steam (curve 1),

4S '-the efficiency of a stage with little moisture

") __ (curve 3) is increased.

\dt,- 160"C Consequently, in a zone of low Re c num-

/ Rec.fi2f s,  bers and small amounts of steam moisture, the

Ao influence of the Re numbers is more essential.

L Above we gave empirical formulas that made
0.2,25 AP3 435 Q,4 MIS 0,5' X,

Fig. 342. Ghan~ge of the elffi- it possible to estimate the influence of

ciency of a stage with long blades moisture on the efficiency of turbine stages.
at different Reynolds numbers,
depending upon steam moisture; Ti
F. V. Kazintsev's experiments (MEI) This problem may be considered within the frame-
with 0 = 2.71 and e = 0.52 (MO  work of the usual equations of one-dimensional1.04i).

*Separation of moisture was not considered in the MElI experiments.
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flow in E stage under certain simplifying assumptions. This problem was first

solved by Tserkovits, who established the influence of stage parameters on the losses

due to moisture.

We shall first determine the energy expended by a steam flow for accelerating

the water droplets. The differential equation of impulses has the-following form

[110]:

m Xjcdc - m Ic,..c. - dE = 0. (360)

where dE is the impulse of dissipative forces. which is equivalent to the loss of

kinetic energy during acceleration.

Considering that the steam velocity in the acceleration phase can be assumed

as constant (c1 n ), afid the droplet velocities increase from zero to ci B , and

integrating expression (360), we will obtain:

AE= m X41'c 18¢.

When the steam velbcity in the acceleration phase is increased, the magnitude

of the loss is determined by the fpl-lowing formula:

AE = 0,65 nt 7,,cj,.

The relative loss will be:

' --- 0 0 C1'4'--

1,3 7 : ( 2 .- ) (361)

Here X. and X2 is the degree of moisture before and after a stage;

T is the velocity coeifflcijnt;;
II

CI B is the velocity of secondary droplets at the nozzle cascade exit.

We shall now determine the power developed by a stage in moist steam, considering

tho steam aid water phases separately.

The power of Lhe steam phase will be:

N,,.- (I... X2)i (11 --XE) %o,, (362)

where I X2 = x 2 is the degree of dryness behind the stage.

The power developed by the primary droplets that have formed in tha given

stage is equal to

.-5- X,)mIloil. (363) --

-560-



The quantity I - x= is the degree of dri'ess at the entrance to the stage;

'n is the efficiency of the primary water phase.

The power developed by the secondary droplets will be:

I1"

where i is the efficiency of the secondary water phase, which proceeds from the

preceding stage.

The stage efficiency in a region of moist steam is determined by the following

formia:

NA, + NL+ N,
'WV,

where No is the available power of the stage.

After substituting expressions (362), (363), and (364) into the last formula,

we will obtain.

1W~. AL , 1 -X11 -k.i 1 - -- x

x nl,,.l! + x.,H.;i]- (36)

The relative decrease in efficiency is equal to

)IoI

Formula (366) can be simplified on the assumption that the primary droplets

have the same efficiency as the steam phase.

Substituting the value of ME into (366) according to formula (361), and using

the condition of ri B oi we can find the relative decrease in efficiency in

the following form:

"i ,3x1-(I -- . (367)

.)
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-- '-j( I -- Cos% a,

X; c. ,.11 "(368)
X U -I- 1,3 q!(I -- Q) c.

Formulas (367) and (368), which were obtained by Yu. Ya. Kachuriner, give the

minimum and maximum decrease in the efficiency of a stage that is operating in a

region of moist steam. The minimum values of AToi min correspond to case when
the work accomplished by the droplets on the blades is maximum, and the maximum

,values (Aoi max)' when the work of the liquid phase is mihimum.

It directly follows fromn formulas (367) and (368) that the dependence of

--1oi on u/ce, and the other stage parameters turns out to be considerably more

complicated than shown- by the empirical formulas.

It should be noted that for calculation of Aqoi it is necessary to know the

slip factor in a clearance v, the procedure for whose calculation was presented

in § 51.

A simpler formula can also be used for calculation of Z% i [10]:

*I1Io*7 (.~ 'e, c)]
T1_0, , o 1--O C " -"-(369)

which satisfactorily coincides with the experimental data,

Tserkovits obtained formulas for the efficiency of a stage in moist steam

in the following form:

o= 'l, (370)

where the coefficient is determined separately for an impulse stage

.c (371)
C(A flj -

and a reaction stage

S- ,It (372)2 cos(z a,..
'S

the qu:ntity X I - i/2(X0 + x2 ) is the mean degree of dryness of a stage.
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Formulas (369), (571), and (372)-distinctly show that the influence of moisture

at constant u/c1 will be more essential at larger u/c1 , which is well confirmed

qualitatively byexperments. As a. increases, the influence of moisture also

increases.

The obtained theoretical and experimental results that show the influence of

a, and x 4 are physically explained quite simply:* as ai and x increase,

the stagnation effect of moisture increases in a stage, which may be seen from

the velocity triangles.

Let us note-that calculation by means of the Tserkovits formulas, (371) and

(372), shows that with an increase of moisture by 1%, the efficiency of a stage

decreases by I to 1.1%, which closely coincides with Bauman's data in which he

proposed that = x in formula (370). It should be stressed that the theoretical

considerations of Tserkovits concerning the decrease of the influence of moisture

in a reaction stage [formula (372)] are not confirmed by experiments.

The presented method of determining the decrease in efficiency can also be

extended to a large-flare stage. Two ways of solving the problem are possible.

1. The distribution of parameters of the steam phase is established with

respect to the radius in a clearance with the additional losses due to moisture

taken into account, and the quantity Aqoi, which is variable along the radius,

is calculated. A preliminary estimate of the moisture distribution with respect

to the radius in a clearance is performed.

2. The field of velocities and pressures of the liquid and steam phases is

calculated In a clearance and behind a stage and, on this basis, the additional

stage losses are determined.

The first method, before obtaining reliable experimental data, is simpler and

more reliable. The initial data are those from the stage calculation carried out

for dry steam according to the equations of radial equilibrium, energy, and con-

tinuity (Chapters VII and VIII).

For estimating the moisture distribution with respect to the radius behind a

nozzle cascade, it is possible in first approximation to take the linear law of

X(F). If, in the absence of moisture (see Chapter VIII), the distribution n

with respect to the radius is known, it is not diffi-ult to find the slip factor

V in the various sections. In this case, it is determined on graphs in Fig. 330

or analytically by means of formula (350) or (352).
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After estimating the moisture X4 in an initial (root or middle) section, ( )

and assuming a linear law of increase of moisture toward the periphery, by-means

of formula (369) we find the decrease of efficiency in the various sections with

respect to the radius, Aqoi =f(r.

The mean value of the decrease in efficiency due to moisture for a stage

is determined by the following formula:

G
U-,is, I Ai,,,,d .
f

It is further necessary to find a more exact value of the distribution of the

reaction .with respect to the radius with moisture taken into account. For this

purpose we shall use the continuity equation, after writing it for a separate

stream in control sections in a clearance and behind- the stage:

(I "-" ,) AG 'v1  I,c',,',.

X( - x) Aqv, ,

where AG Is the flow rate of dry steam through an elementary stream;

Vit and v are the specific volumes at the end of isentropic expansion in the
nozzle and moving cascades;

f I and f2 are the areas of the outlet sections within the limits of one
elementary stream;

"E and are the flow rate coefficients in a given annular section of the
nozzle and moving cascades.

Hence we find the corrected values of c1 t and wt, and consequently, the

values of the reaction for separate streams.

After determining the efficiency of a single stage, it is possible to estimate

the change of the effectiveness of an entire group that is operating in a region of

moist steam by the following formula:

!A

where X, is the degree of moisture at the end of the actual process of expansion

in a group o' stages.

An essential influence on the efficiency of an entire turbine is rendered by the

distribution of the avallable heat drop between the zones of superheated and

moist steam. After designating
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where HeH and HOE are the available heat drops in the region of superheated and

moist steam; H0  H - HO ; we can then obtain:

'16 oth (373)

where 1joi is the efficiency of a group of stages, without moisture taken into account.

The Tserkovits method [formula (373)] ,was 'extended to a multistage turbine by

L. I. -Degtyarev. He obtained an expression similar to the following:

Ux 2: T4 02+ io.).(3714)

where

a. p and (uCi)cp are the mean values of ai and u/cI for stages operating in a

region of moist steam.

In-conclusion, we shall give Forner's rather simple formula:

not X -- kq01. (375)

t where

h =1r -

h --

2 is the degree of humidity at the end of the process of expansion in the turbine.

In comparing the various methods of estimating the effect of moisture on

the efficiency of a stage and a turbine on the whole, let us note that the formulas

which were derived theoretically (Tserkovits, Forner, Yu. Ya. Kachuriner, and

others) and obtained experimentally (Melank, Pake, and others) give different

results. The difference in the correction factors for moisture amounts to 2-J%.

Elementary calculations by means of the given formulas show that with a change of

moisture by L%, the efficiency of a turbine on the whole varies in wide limits,

depending upon the distribution of the heat drop between regions of superheated

and moist steam.
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Eyxperinents on the study of the influence of moisture on the characteristics of (
a turbine stage, which 4ere conducted in a, number of laboratories with moist steam,

are confirmed qualitatively by investigations

in moist air.

- C Thus, Fig. 34~3 gives the efficiency

curves of a stage- with long blades, depending

SIupon x) and the'degree of moisture,

£~5 -.- -which were obtained by R. M4. Yablonik in,-air

experiments. The character of the location

0.3 0,35 011/ OW~ 0.5 09,55 0.5 0,55wu/c of the efficiency curves confirms the results

Fig. 343. Dependence of the effi- obtained with moist steam for analogous values
ciency of a stage on x and the

degree of moisture during tests of M4 and Re numbers. The linear character of
in moist air, according to R. M.

XYablonik' data; 0 =10.4~5 1c the change of losses due to moisture, depending

0.3; Re., = 5 x 105; rotor blades upn . is~ ax§6 6ofT~d
tre twisrted according to the law
C, os.Cuvs ) 0 =0 At the same time, the given results do

2) x0  11.1%; 3) X0 = 7.%;41 not provide a basis for a generalization-of

= 9.%; ) X0 = i~~;the conclusions concerning the possibility of

replai'ing moist steam by moist air in niodel. investigations of stages. In spite of

the fact that the quahtitative coincidence of losses due to moisture in steam and

ilr to sat is factory, extrapolation of these results to other M and Re numbers would

be invalid.

§55. SOME RESUJLTS OF AN INVE-STIGATION Or, BLADE EROSION

A,, a 8f--ltic Investigation shows, erosion of blade cascades at a given moisture

(ontent eeoctitially dependzs on the length of operation, a number of design factors

of the flow L1 ca, the technology of manufacture and the material of the blades, and

aisu the therjno-aid gras-dynanic stage parameters.

O1' muc~h interest are the results that indicate the i..:Iuence of droplet size

-ind W~i.- alip I'-ac or v on Ihe erosional damages Lo blades,

A-.,aiJdie rxpertmenUtiU dato illu.,Orate the Influence of some of Lhe enumerated

faefIors, on ihe~ inf~ensi4 y of erosionai damage to blades. Table 25 and Fig. 34j4,

whi( h ire iJoi rowed from flhe work of G. Preiskorn [:163], give the erosion characier-

I.-Lico foe Iwo lypeso of lurbine blades manufactured from various materials and

i -iceo In ii -t Cot, dlJ'fore!nl. Ienthls of I ime at. various perlphipral velocit ie.- and

(j~~- of '1 r
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First of all, it should be noted that the type

o - - of flow area slightly affects the intensity and

o, character of erosional damages. As can be seen

S ," from Table 25 and Fig. 344, under identical operating

-H conditions the erosional damages to blades of impulse

and reaction flow areas remain approximately identi-

0 a cal.
, T-

S .. The development of the eiosional process is

-N - nonuniform in time. Bladeg erode most intensely

d)
- -. - in the initial period of operation, which continues

C)

O for 3000 to 5000 hours. During longer operation,

A... .. .-.. . erosional damages increase insignificantly. It

should be emphasized that, depending on the quality
S -

-0 of the material, the period of the most severe erosion

). " is displaced in time: for high-alloy durable steel,

Sintens.e erosion is detected at -r ; 5 to 8000 hours,

~ -i. . and for blades made from low alloys, from the moment

-; ; - of the beginning of operation.

C- .,-- The bibliography presents data that indicate

:3 Cdthe features of the process of erosion which is caused

-- by moisture droplets with high velocity and large

0 - - - angles of incidence that enter an operating channel,

o* and consequently, strike against the surface of a
a 0

" blade. The degree of blade daiqge in this instance

Hb. depends on one size and number of the droplets, the

; ' . difference in the velocities of steam and moisture,

4-4 and also on the crumpling resistance of the blade
.00 4R
Q _H material.

The mechanism of erosion to the present tLime

has not yet been sufficiently studied; however, the

available results of observations distinctly show that the purely mechanical

influence of droplets cannot explain the phenomenon of erosion [163]. As calculations

show, the kinetic energy of the droplets is not sufficient enough to cause any

considerable blade wear. In order to cause such wear during, ',he Inter-aielon of h,
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urn/sec droplets with the surface of a blade, (_)
350

very large forces must be developed;

the local increases of pressure in

this case must attain magnitudes of
V _._ the order of 10,000kg/cm. Such

high.pressures can appear only as a

result 'of vapor separation. Conge-

quently, it is possibl -to-C-nsider

abcdef 9Ph. mnop, fr tJVwXv, that erosion of bladesworking-in a

Fig. 34. Diagrams-of erosional damage region of moist steam is caused mainly
to blades of condensing steam turbines of-
various design (see Tablf 25). by vapor separationphenomena. A

definite role is played here by both

the mechanical and electrical irfluence of moisture on the blade surface.

During vapor separation there appear not only very high pressures, but also

correspondingly high local temperatures, which cause chemical reactions on the blade

surface. It should be emphasized that the available data indicate the possibility

of the appearance of resonance, at which the frequency of pulsations in the bubbles

is multiple to the frequency.

The complex role of the various factors that determine erosional wear indirectly

is confirmed by experiments oriented on the study of the influence of the mechanical

properties of the blade material: hardness, viscosity, and others.

From the conducted experiments, the influence of those properties of materials

was not detected. However, nonmetallic inclusions have a negative effect on

erosional wear, Just as does the quality of treatment of the blade surface: rough-

ness and unsatisfactory connection of the filler metal with the base material pro-

motes erosional wear.

Ii, should be noted that the protection of blades from erosional wear, besides

the use of sOellite filler plates, requires the application of other methods, such

as elecLrolytic chrome-plating or electric-spark machinery of working surfaces.

Returning to the evaluation of the influence of external factors (size and

velocity of droplets), let us note that experiments (163] confirmed the theoretically

predicted influence of these factors. Erosional wear increases approximately in

proportion to the absolute size of the droplets and in proportion to the square

of the difference of the velocities of steam and water. Figure 345, which was

-568-



taken from the article by G. Preiskorn, represents the most important results of

these experiments. It appears from them that the decrease of blade weight shaeply

-increases with the increase of the

-- I f-I.. .... peripheral velocity (the difference

' ~- ~- i4. velocities of steamand droplets

* - -increases in this case) for an

2T-- T identical duration of operation.*

*. 0t28 O 02 * With the increase of the number of

Fig. 345. Decrease' Fig. 346. Decrease droplet impacts, the erosional wear
-i. the weight of a in the weight of a
rotor blade due to 'i6toi blade due to i first increases sharply, and then
erosional wear, erosional wear,
depending upon the depending upon the decreases (Fig. 3Z6).
peripheral velocity number of droplet
at the tip. impacts. On the basis of operational

observations, and also the physical

and theoretical considerations given above, it may be concluded that the erosion.l

wear of turbine blade cascades can be essentially decreased if certain constructive

measures are taken.

Thus, for instane, 'a dec6rase *ifi hnmiber and extent of' edgeo waKes behind a

nozzle cascade, which are attained by increasing the relative pitch, careful

profiling of the nozzle cascades. which ense7 minimum losses, and thinning of the

edges, makes it possible to decrease erosional wear, since in this case the formation

of large droplets in a clearance is hampered.

A decrease of the transverse pressure gradients is also favorable in the

peripheral channel sections, which leads to a lowered intensity of secondary

leakages and erosional wea correspondingly. This is attained by decreasing the

angle of rotation in the nozzle cascade and by selecting appropriate increased

angles of entrance into the nozzle cascade. In moving cascades, if there are

moisture collectors, it is expedient to apply large angles of rotation of the flow.

Conversely, if there are no moisture collectors, the angles of rotation in the

mol'ag cascade should be decreased.

It is expedient to employ enlarged axial clearances between the edges of

nozzle and rotor blades, which promotes a balancing of the flow in the clearance

and dispersion of the droplets. Selection of enlarged clearances also ensures better

*The number of droplet impacts z is taken to be equal to the blade speed i a
period of operation.
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moisture separation.

The external configurations of cascades in the meridional plane should be

smooth (conical ones are desirable) in order to ensure good separation-of moisture.

It should be stressed that the application of protective coverings and fillers,

stellite for instance, which are widely used in the turbine-construction industry,

gives a noticeable effect only if the blade surface remains smooth and large

temperature strains do not appear in the blade material.

§ 56. TUBINE MOISTURE COLLECTORS

An effective method of decreasing losses due to moisture in turbine stages

and as a result of blade erosion is separation of moisture from the flow area by

means of moisture collectors.

At present, various designs of separators are beingoemployed; there are no

reliable data that characterize the comparative advantages of the designs in use.

In turbine-construction practice, two basic types of moisture collectors

are applied. The first type includes devices which use the effect of separation

of water droplets under the action centrifugal forces; the second type includes

devices in which moisture suction on the periphery of a stage is additionally

utilized.

We shall consider some of the most popular designs of moisture collectors.

Figure 347 shows diagrams of the first type which is employed by domestic and

and foreign turbine-construction firms. The moisture

collector (see Fig. 347a) consists of moistLre-

-/ - collecting channel 3 and a moisture-retaining chamber

34 2 with projections 4 and drain channels 1. A short-

3 2coming of this de3ign is the relatively narrow and

2 long moisture-collecting channel.
a b) A characteristic feature of the moisture-

Fig. 34I7. Diagrams of
moisture collectors with- collecting system of the GE Company (see Fig. 347b)
out; vapor suction for low-
pressure sfeam turbine is the shorter and wider inlet channel. Furthermore,
stages: 1 -- drainage of
moisture; l - moisture- moisture is collected behind the nozzle cascade of
retaining chaber; 3 -
moisture-outlet ducts; 4 - the last stage in this case, which decreases the
moisture-retaining
projection. intensity of erosion. The design shown in Fig. 347C

perniilz scp'-ration behind the nozzle and moving cascades through one moisture-outlet (

channel 3 into a common chamber 2.
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Domestic turbine designs have also worked out certain progressive solutions

and, in particular, individual separation of moisture behind the nozzle and moving

cascades is performed (KTZ, UZ, and KhTGZ designs). The most promising designs

are those with repelling projections which bre being applied in the latest models

of large turbines of KhTGZ.

Figure 348 gives diagrams of moisture collectors with vapor suction. The

design illustrated in Fig. 348a employs suction into a condenser by 6ne chinnel

which is connected to the outlet channels of the last two stages. The cutlet

channels are very long, and consequently, they have increased resistance. Since

there is no collecting chamber, the suction system must provide for considerable

velocities which would stop the moisture from falling back into the flow arca.

Another type moisture collector with suction is shown in Fig. 348b. Here,

besides the very well-developed system of moisture collectors, separating sheets

are employed, the purpose of

which reduces to separating

I 2 the wettest peripheral layer

- _ 4/ of steam and draining it into

f a- condenser (past the rotor

blades).

Another promising device

, . is the one with guide inserts

a) b) C in the moisture-outlet channel

Fig. 348. Diagrams of moisture collectors with
vapor suction for low-pressure steam turbine (see Fig. 348c). The guide
stages: a - I - moisture-outlet channels; 2 -

suction chamber; b -I .- moisture-ouclet inserts prevent the return of
channel 2 - moisture-retaining chamber; 3 -
moisture-separating sheets, c - I - diaphragm; condensed steam from the upper
2 - parts for suction of steam-water mixture;
3 - guide inserts, part of the chamber and guide it

into the lower part of chanber, and from there the moisture is absorbed into the

condenser.

This brief survey of the types of moisture collectors shows the large variety

of (esigns employed by various firms. The operational experience of various machines

confinns Lhat the design of moisture collectors, their location with respect to the

rotor wheel and nozzle cascade, the size of the clearances, the width of the blades,

the presence or absence of a shroud on the rotor blades, etc. all have an influence

- on the effectiveness of separation.
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However, there are still no complete experimental data concerning the com-

narative merits of the various designs moisture collects and the influence of the

-most importan' performance and geometric stage parameters on the effect of separation.

At the same time, certain investigations of moisture separation in-moist steam

and air are presently being conducted; these studies make it possible to evaluate

the individual designs of such devices. The expediency of moisture separation behind

a nozzle cascade was shown in the-BITM projects. Partial removal of moisture before

the rotcr wheel decreases the erosion of rotor blades and reduces additional stage

losses.

R. M,. Yablonik investigated the effectiveness of the three types of moisture

collectors that are shown ii Fig. 349. These designs differed in dime1scns and shape

of the outlet channel, and also in

AAAs$ the size of the closed axial clearance

- =at the periphery. A result of these

experiments was the obtainment of a

35 dependence of the moisture-removal

3. F 'factor:

25 --

where q is the quantity of outgoing
moisture;

i,-5fmm; As, 10Z2 q is the quantity of moisture

,I V - [ supplied to a stage,
2 3 q5 6 7 1 9 10 It x;o depending on the degree

Fig. 349. Dependence of the moisture- of moisture in the presence

removal factor ;9 on the degree of moisture of open axial clearances

for three types of moisture collectors; 6a (see Fig. 349).

according to R. M. Yablonik (BITM); stage With a practically identical
S= 7.35; a = 30; McI ± 0.3; Rec,5
5-10 ; for different values of As1 - the width of the outlet channel (As1

width of the moisture-outlet channel and the 6 mm), the best results are obtained
dimensions of the axial clearance 6a .

with a moisture collector that has

a channel Inclined at an ang.e of 40°0 and a smooth, rounded entrance (model C).

With the increase of the clearance,* the effectiveness of all models increases, and

xThe di :tance between the trailing edges of the nozzle cascade and the back
edge of the channel.
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especially intensely in the case of model C. Considerable better results were

exhibited by model-B with a straight, short channel. Model A, with the long,

straight. moistureou'let channel, is the least effective.

The moisture-rendoval factor increases as the degree of moisture increases,

whereby the intensity of the increase of 5' burns-out to be greater for model C.

Model C was tested with positive, zero, and negative overlaps, whereby the

introduction of the zero, and all the more so, the negative overlap, promoted

a noticeable increase in the moisture-removal -factor. An increase of the channel

width increases the effectiveness of models A and B.

Investigations of several types of moisture __:lectors placed behind rotor

blades are conducted at TsKTI by A. N. Astaf'yev j4].

Four models are shown in Fig. 350. Model I was made with guide inserts 5

which prevent the moisture from falling into the flow area. Model II, III, and IV

differ on! y in the shape of
v~wA3 6

the moistvre-retaining ring 7.

4 isr The effectiveness of the

;K 7 r,4 , -7device was characterized by

the following quantity:
034

20 C _ -IV where qO is the quantity of

moisture behind a stage.

The results of the tests show

7P "that model I is more effective

under all conditions. The
Fig. 350. EffectLveness of four types of designs
of mcisLure collectors placed behind moving quantity of separated moisture
cascades (TsKTI data [I11): i - with-guide in-
serts; II, III, rV - with different moisture- here reaches 24% with the degree
retaining ducts and no guide insezts; I - casing
of device; 2 - moisture-collecting chamber; 3 - of moisture behind the stage
port for steam suction; 4 - annular moisture-
outlet channel; 5 ind 6 - guide inserts; 7 - X2 = 8.5%.
moisture-retainin% ring; 8 - radial moisture-
outlet channels; 9 - rotor blade. Models II and III have

practically identical effective-

ness (I, = 114%); model IV, with the indicated moisture content, separates

'_ the moisture somewhat better (IV = 17%).
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The advantages of model I become especially noticeable-in the organization of

the suction. In this case, when X2 = 8;5%, = , IIIII = 18%, and iv

=21%.

Interesting data concerning the influence of certain design parameters of a

moisture collector behind rotor blades and a stage of the effectiveness of

separation were obtained in the works of R. M. Yablonik with moist air [129].

Diagrams of models of the tested device are shown in Fig; 351.

A stage (e i0) with twisted rotor blades and no shroud was tested. Models I,

III, IV, and V differ by the presence and.location of the moisture-retaining

projections. Model iI is similar to model I, but it has a partially open end

surface of unshroud rotor blades. Model V has a long moisture-outlet channel.

Figure 351 gives the dependences of the moisture-removal factor on the degree

of moisture. The distance between the trailing edges of the rotor blade and the

back wall of the moisture-outlet

4 "" i channel As2 was selected as(A

... _ >._ identical (As2 = 15 mm). The open-

2 4ing of the end surface of the rotor

4 blades amounted to aB = 5 mm (B =

0 2y

The experiments showed that

- ,the effectiveness of separation

increases with the increase of the

f degree of moisture, especially for

_" __ small valu6s of X. This result

2 q 6 8 to 12 X is obvious, since the dimensions

Fig. 351. Diagrams of models of a moisture and the mass of the droplets,
collector and their characteristics, q',
depending upon moisture contert and design and consequently, the centrifugal
parameters; according to BIiV experiments:
i - nozzle cascade; 2 - moving cascade; 3 - forces acting on the droplets,
front wall of moisture-outlet channel; 4 -
back wall of moisture-outlet channel, increase as the moisture increases.

The experiments confirmed that partial opening of the end surface of a blade

(model II) essentially increases the effectivenec of separation, since in thi:

design a coniderably greater quantity of moisture goes into the moisture-outlet

channel. An increas;e of the opening a (see Fig. 351) will lead an increase of the

offectiven..io, of moisture removal; however, the stage efficiency will then decrease.
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The experiments conducted by the author showed that a relative opening of D3 s 20

to 25% does not cause a noticeable lowering of efficiency. In this connection, let

us note the efficiency-of a stage only slightly depends on the quantity of moisture

separated. This result indicates that the stagnation influence of the moisture

droplets does not render as large an influence on efficiency as was assumed earlier.

These experiments resulted in an evaluation of the influence of the width

of the moisture-outlet channel As on the'effectiveness of separation. The

corresponding results, which are shown iz Fig. 351, confirm the expediency of

employing wide moisture-outlet channels. With the application of narrow channels,

just as with complete closure of the end surface of the blades, some of the moisture

falls back into the steam flow and goes into the following stage.

The author also estimated the influence of overlap Ar (see Fig. 351). With

the decrease of Ar from 11.5 mm to 0, the coefficient q' increased by 15 to 20%

with the degree of moisture X = 4 to 14%. These experiments confirmed the expediency

of employing "Moisture-repelling" projections.

Of importance are the number and location of the moisture-retaining projections

that prevent the return of moisture and ensure the best conditions of moisture

outlet into the chamber and the drain. The results of comparative tests of models

I, III, 1r, and V show that designs III and IV have approximately identical effective-

ness, and model I has a maximum coefficient q'. Moisture is removed in model V

in the poorest manner.

An investigation of the effect of projection height h showed that a decrease

of this parameter improves the work of the separating device. Inclination of the

back wall of the channel impairs the separation conditions, since the entrance to

the moisture-retaining chamber is then closed.

The separating ability of a stage is influenced by some of its geometric

parameters, in particular, the outlet angles of the nozzle (a,) and moving (P2)

cascades, and also the ratio 0 = d/1 and the axial clearance 6a

Between the quantities 0, a,, and 6a there exists a dependence which is

approximately established from the condition that the moisture droplets which leave

the nozzle cascade fall into the area of the peripheral section. This condition

determines the size of the necessary axial clearance, 8O , depending on a, and 6.

Assuming that only part of the moisture proceeding from the upper portion of

the nozzle cascade should be separated in the clearance, this dependence can be
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obtained in the following form. [5]: (9

w._ fe t )120 +1I
1, 2

It follows from this that the minimum axial clearance that is necessary for

4 separation of moisture decreases as e, c, and the height of thenozzle cascade 1i

decrease. However, even under the assumed condition of separation of moisture only

from the upper half of the nozzle cascade, the necessary axial clearances are

very large.

Final selection of the axial clearance should be performed taking into account

the influence of the clearance on the aerodynamic losses in the stuge (see § 40).

In particular, it is necessary to consider the additional losses due to friction,

swirling of the flow, the vortex effect in the stage, and also the influence of

nonuniformity at the entrance to the moving cascade.

With the increase of the clearance, theadditional losses due to friction and

losses due to expansion of the flow in the clearance increase. Furthermore,

the degree of moisture increases in the root sections, which is caused by the

vortex effect (see § 35 and 41) and leads to more intense supercooling of steam in

these sections.

For these reasons, in spite of the favorable influence of the decreasing

nonuniformity at the entrance to the moving cascade, the size of the axial clearance

6a uin shoul.d be selected on the basis of an experiment that takes into account the

influence of all the ennumerated factors.
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APPENDIX

I/i.and 1/2. Aerodynamic characteristics of a nozzle cascade for subsonic veloci-
ties (MEI profVile TC-2A).
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II. Aerodynamic characteristics of a moving impulse cascade for subsonic veloci-
tie s .(IEI profile "TP-2A)()
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filV. Graphs of functions for calcu- NI. Velocity of propagation of
lating the depth of impulse losses -small disturbances (velocity of
of a turbulent boundary layer at sound) depending on the degree
moderate and large longitudinal of dryness and the saturation
pressure gradients temperature for steam, accord-

ing to V. V. Sychev (IMEl)
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